NASA /CR-1999-209522

Investigation of Inner Loop Flight Control
Strategies for High-Speed Research

Brett Newman and Ayman Kassem
Old Dominion University, Norfolk, Virginia

—
December 1999




The NASA STI Program Office . . . in Profile

Since its founding, NASA has been dedicated

to the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key
part in helping NASA maintain this
important role.

The NASA STI Program Office is operated by

Langley Research Center, the lead center for
NASA’s scientific and technical information.
The NASA STI Program Office provides
access to the NASA STI Database, the
largest collection of aeronautical and space
science STI in the world. The Program Office
is also NASA’s institutional mechanism for
disseminating the results of its research and
development activities. These results are
published by NASA in the NASA STI Report
Series, which includes the following report

types:

e TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results
of NASA programs and include extensive
data or theoretical analysis. Includes
compilations of significant scientific and
technical data and information deemed
to be of continuing reference value. NASA
counterpart of peer-reviewed formal
professional papers, but having less
stringent limitations on manuscript
length and extent of graphic
presentations.

* TECHNICAL MEMORANDUM.
Scientific and technical findings that are
preliminary or of specialized interest,
e.g., quick release reports, working
papers, and bibliographies that contain
minimal annotation. Does not contain
extensive analysis.

* CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

* CONFERENCE PUBLICATION.
Collected papers from scientific and
technical conferences, symposia,
seminars, or other meetings sponsored or
co-sponsored by NASA.

* SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

* TECHNICAL TRANSLATION. English-
language translations of foreign scientific
and technical material pertinent to
NASA’s mission.

Specialized services that complement the

STI Program Office’s diverse offerings include
creating custom thesauri, building customized
databases, organizing and publishing
research results . . . even providing videos.

For more information about the NASA STI
Program Office, see the following:

* Access the NASA STI Program Home
Page at http:/lwww.sti.nasa.gov

* Email your question via the Internet to
help@sti.nasa.gov

¢ Fax your question to the NASA STI
Help Desk at (301) 621-0134

* Telephone the NASA STI Help Desk at
(301) 621-0390

* Write to:
NASA STI Help Desk
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076-1320



NASA /CR-1999-209522

Investigation of Inner Loop Flight Control
Strategies for High-Speed Research

Brett Newman and Ayman Kassem
Old Dominion University, Norfolk, Virginia

National Aeronautics and
Space Administration

Langley Research Center Prepared for Langley Research Center
Hampton, Virginia 23681-2199 under Contract NAS1-19858

N
December 1999



Available from:

NAGSA Center for AeroSpace Information (CASI) National Technical Information Service (NTIS)
7121 Standard Drive _ 5285 Port Royal Road
Hanover, MD 21076-1320 Springfield, VA 22161-2171

(301) 621-0390 (703) 605-6000



Table of Contents

Page

I. Introduction........................ PR ettt eaeen et 1
II. Aeroelastic Vehicle Modeling ISSU€s........cooviiiimiiiiiiii e 5
A, Model DeSCHPON. ... cuvneneeitiiities et 5

B. Boeing/Langley Model Comparison...........cccooviiiiieniiens e 11

C. Cycle 1 Simulation/ISAC Aggregate Model...........cooooiiiiniien 47

III. Application of Previous Design Milestones to HSCT ..o 62
A. Single-Sensor/Single-Surface Design With Forward Sensor..........ccoccooeviiiennins 62

B. Single-Sensor/Single-Surface Design With Aft Sensor..............oooviiiinnnnnn 75

C. Multi-Sensor/Single-Surface Design With Forward & Aft Sensors......covvvvvevvvennn. 86

IV. Expanded Look at Multi-Sensor/Single-Surface Design Strategies.......c.ccooeeinennneness 92
A. Optimal Sensor Placement ...........euiiiimirivenicii e 92

B. Limitations of Low Pass/Band Pass Blending..............c.coooviiinns 102

C. [Utilization of Lag-Lead/Lead-Lag Blending........cccooiiiiiiiiiiiiiiiiinnnnn. 105

V. Preliminary Consideration of Multi-Sensor/Multi-Surface Design Strategies................. 111
A. Limitations To Influence Pilot Station Responses.........cocoverevieieiiinininenns. 111

B. Multi-Sensor/Multi-Surface Design With Elevator and Wing Trailing Edge............ 115

VI. Conclusions and Recommendations ...........ovuieeiiieiniinieniai e 123
2SS 13 1< T P TR T TRERTEEEE: 126
Appendix A Statement of Work for NAS-19858-71 ......ooeiiiiiiiiiiinieen 128
Appendix B Boeing M =0.95/h=30,000 ft Model.............ccoooeiiiiiiinn 130
Appendix C Langley M =0.88/h=20,000ft Model..............coooviiiiriiiin 137
Appendix D Langley M=0.24/h=01ft Model.........c...cooiiiiiiiienn 147



U VS T N

10.

11.

12.

13.

14.

15.

16.

17.

List of Figures

Page

Overall Airframe-Actuator Model ............oiieiii oo 7

Ref. HHSCT Configuration ...........oooniiiiuiiis e 8
-+ SCRA ConfigUuration ...........cuuviuuiiin ittt 9

Pole-Zero Pattern Of Boeing Appendix B Model For 319 in Pitch Rate To

Elevator Channel......oooviiiiiiiiiiiiiii e 19

Pole-Zero Pattern Of Boeing Appendix B Model For 778 in Pitch Rate To

Elevator CRannel...............ocooowooomoeeocioeooe oo 20

Pole-Zero Pattern Of Boeing Appendix B Model For 2,115 in Pitch Rate To

Elevator Channel...........coiiiiiiii e 21

Pole-Zero Pattern Of Boeing Appendix B Model For 2,525 in Pitch Rate To

Elevator Channel...........oiiiiiiiiiiii e 22

Pole-Zero Pattern Of Boeing Appendlx B Model For 3,157 in Pitch Rate To

Elevator Channel.........cooouiiiiiiiiiii e 23

Frequency Response Of Boeing Appendix B Model For 319 in Pitch Rate To '

Elevator Channel..........coooiiiiiiiiiiiiii e 24

Frequency Response Of Boeing Appendix B Model For 778 in Pitch Rate To

Elevator Channel..........cooooiiiiiiiiiiii e e 25

Frequency Response Of Boeing Appendlx B Model For 2,115 in Pitch Rate To

Elevator Channel..........cocoii e 26

Frequency Response Of Boeing Appendix B Model For 2,525 in Pitch Rate To

Elevator Channel......o..cooooiiiiiiiiiiiiiiii e 27

Frequency Response Of Boeing Appendix B Model For 3,157 in Pitch Rate To

Elevator Channel........ooooiiiiiiii e 28

Pole-Zero Pattern Of Langley Appendix C Model For 319 in Pitch Rate To

Elevator Channel........ccooooiiiiiiriiiiiiii e 35

Pole-Zero Pattern Of Langley Appendix C Model For 778 in Pitch Rate To '

Elevator Channel.............ooooiiiiii e 36

Pole-Zero Pattern Of Langley Appendix C Model For 2,115 in Pitch Rate To

Elevator Channel..............ooiiiiiiii e 37

Pole-Zero Pattern Of Langley Appendix C Model For 2,525 in Pitch Rate To

Elevator Channel.........ccoooiiiiiiiiii e 38



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

List of Figures Continued

Page
Pole-Zero Pattern Of Langley Appendix C Model For 3,157 in Pitch Rate To
Elevator Channel............ SRRSO PPPRPRRR i....39
Frequency Response Of Langley Appendix C Model For 319 in Pitch Rate To
Elevator Channel...........cccocoooveveienennns e 40
Frequency Response Of Langley Appendix C Model For 778 in Pitch Rate To
Elevator Channel. . ..o v 41
Frequency Response Of Langley Appendix C Model For 2,115 in Pitch Rate To
Elevator Chamnel...coeiieiiiiiiiir e et e r e r st ern e easaeaes 42
Frequency Response Of Langley Appendix C Model For 2,525 in Pitch Rate To
Elevator CRannel. . ... iri et ce e st e 43
Frequency Response Of Langley Appendix C Model For 3,157 in Pitch Rate To
Elevator Channel......oooooiiiiiiiiiii e 44
Pole-Zero Pattern Of Langley Appendix D Model For 1,850 in Pitch Rate To
Elevator Chanmel. . ocoviiioiiiieiiiii et e s 57
Pole-Zero Pattern Of Langley Appendix D Model For 2,500 in PltCh Rate To
Elevator CRanmel. ..ottt v n e e e eaeees 58
Frequency Response Of Langley Appendix D Model For 1,850 in Pitch Rate To
Elevator Channel. . .oooooiiiiiiiiii e 59
Frequency Response Of Langley Appendix D Model For 2,500 in Pitch Rate To
Elevator Channel........ooiiiiiiiiiiii ittt 60
Struétural Mode Shape Data - Mass Case M3A..........oooiiiii s 61
Single-Sensor/Single-Surface Feedback LoOp.........ooviniiiiiiiii 63
Evans Plot For 1,850 in Pitch Rate To Elevator Without Filtering ..............c.oocoioinnis 64
Bode Plot For 1,850 in Pitch Rate To Elevator Without Filtering, k = -2.36 rad/rad/s........ 66
Bode Plot For 1,850 in Pitch Rate To Elevator Without Filtering, k = -4.03 rad/rad/s ....... 67
Control Anticipation & Omega-Tau vs. Damping For 1,850 in Pitch Rate To Elevator
Without Filtering...cooouviuiiiiiii i 71
Bode Plot For 1,850 in Pitch Rate To Elevator With Filtering, k = -5.00 rad/radss........... 72
Evans Plot For 1,850 in Pitch Rate To Elevator With Filtering...........c.ccoooociiiiiiins 73
Closed-Loop 1,850 in Pitch Rate Time Response Due To Unit Step Pitch Rate
(@10 35095 07: 1 o L« U R 74
Evans Plot For 2,500 in Pitch Rate To Elevator Without Filtering ..................ooooiinn 76



38.
39.
40.

41.
42.
43.

44.
45.
46.

47.

48.
49.
50.
51.
52.
53.
54.

55.
56.

57.

58.

59.
60.

List of Figures Continued

Bode Plot For 2,500 in Pitch Rate To Elevator Without Filtering, k = -2.08 rad/rad/s........ 78
Bode Plot For 2,500 in Pitch Rate To Elevator Without Filtering, k = -4.80 rad/radss........ 79
Control Anticipation & Omega-Tau vs. Damping For 2,500 in Pitch Rate To Elevator

Without Filtering........cooiiiiiiiiiiiiiiie e 82
Bode Plot For 2,500 in Pitch Rate To Elevator With Filtering, k = -5.33 rad/radss........... 83
Evans Plot For 2,500 in Pitch Rate To Elevator With Filtering.........coveiiiiii . 84
Closed-Loop 2,500 in Pitch Rate Time Response Due To Unit Step Pitch Rate
Command........cooiiii 85
Multi- Sensor/Smgle Surface Feedback LOOD .........ocviiviiiviiiiii e 87
Low And Band Pass Blending Filter Frequency Responses.................cocoveeveniuneian.. .. 88
Evans Plot For Blend Of Low Pass 1,850 in And Band Pass 2,500 in Pitch Rate To

Blevator .. ... 90
Bode Plot For Blend Of Low Pass 1,850 in And Band Pass 2,500 in Pitch Rate To

Elevator, k =-2.36 rad/rad/s . ....oooini e 91
Aeroelastic DIpole StUCIUIe. ..ottt 93
Steepest Descent Solution AlgOrithm.......cccoviiiiiiiirieieeeeeeee e 95
SCRA Evans Plot For Manual Sensor Placement ...............coooooviniiiiiiiiniini . 97
SCRA Evans Plot For Optimal Sensor Placement, Sensor Locations Free, Wi =2 99
SCRA Evans Plot For Optimal Sensor Placement, Sensor Locations Free, w; = 3......... 100
SCRA Evans Plot For Optimal Sensor Placement, Sensor Locations Free, wi=T......... 101
Numerator Root Locus For Low Pass 1,850 in And Band Pass 2,500 in Pitch Rate To
Elevator MIS/SS DESIZN . e vniniiiii e 104
Modified Lag-Lead And Lead-Lag Blending Filter Frequency Responses.................... 106
Numerator Root Locus For Lag-Lead 1,850 in And Lead-Lag 2,500 in Pitch Rate To
Elevator MS/SS DeSIZN ...ovveiiiii e 108
Evans Plot For Blend Of Lag-Lead 1,850 in And Lead-Lag 2,500 in Pitch Rate To

Elevator. . o 109
Bode Plot For Blend Of Lag-Lead 1,850 in And Lead-Lag 2,500 in Pitch Rate To

Elevator, k = -1.25 rad/rad/s.......ccooeimmmeeaeeeeee e 110
Feedback Loop With A Second ReSponse .............ocoviiiiiininiiiiiee e 111

Closed-Loop 358 in Pitch Rate Time Response Due To Unit Step Pitch Rate

iv



61.
62.
63.
64.

List of Figures Continued

Page
Multi-Sensor/Multi-Surface Feedback Loop.........coovveiiiiiiiiii 116
"Physics” Of The MS/MS Flight Control SyStem........cccovarirnmicinniniiiininins 118
Evans Plot For 2,600 in Pitch Rate To Trailing Edge 3 ..., 121
Numerator Root Locus Plot For 358 in Pitch Rate To Elevator.........................oh 122



e

ST
NG =

s
W

14.

15.
16.
17.
18.

19.
20.

21.
22.

List of Tables

Page
Poles of Boeing Appendix B Model........oooooviiiineeooeiieeeeeeeeeeeeoeoeoeev ) 13
Zeros Of Boeing Appendix B Model For 319 in Pitch Rate To Elevator Channel. . ....... L 14
Zeros Of Boeing Appendix B Model For 778 in Pitch Rate To Elevator Channel............. 15
Zeros Of Boeing Appendix B Model For 2,115 in Pitch Rate To Elevator Channel .......... 16
Zeros Of Boeing Appendix B Model For 2,525 in Pitch Rate To Elevator Channel .......... 17
Zeros Of Boeing Appendix B Model For 3,157 in Pitch Rate To Elevator Channel .......... 18
Poles of Langley Appendix C Model......ccoooioiiiinnioieeeeeeeeeeeee oo 29
Zeros Of Langley Appendix C Model For 319 in Pitch Rate To Elevator Channel............ 30
Zeros Of Langley Appendix C Model For 778 in Pitch Rate To Elevator Channel............ 31
Zeros Of Langley Appendix C Model For 2,115 in Pitch Rate To Elevator Channel ......... 32
Zeros Of Langley Appendix C Model For 2,525 in Pitch Rate To Elevator Channel ......... 33
Zeros Of Langley Appendix C Model For 3,157 in Pitch Rate To Elevator Channel ......... 34
Rigid A Matrix Elements For Cycle 1 Simulation Model And Langley Appendix D
Model ... 50
Rigid B Matrix Elements For Cycle 1 Simulation Model And Langley Appendix D
Model ..o 50
Poles Of Langley Append1x DModel ..o 51
Zeros Of Langley Appendix D Model For 1,850 in Pitch Rate To Elevator Channel ......... 53
Zeros Of Langley Appendix D Model For 2,500 in Pitch Rate To Elevator Channel ......... 55
System Characteristics With Gain Adjustment For 1,850 in Pitch Rate To Elevator
Without FilteTing......couiiiiiiiiiiiiiiiii e 68
Design Summary With 1,850 in Pitch Rate To Elevator..................ccoceveuuoieeeiiini i 70
System Characteristics With Gain Ad_]ustment For 2,500 in Pitch Rate To Elevator
Without  Filtering.....u.eeiuimeieminiiiieieeeee e e 80
Design Summary With 2,500 in Pitch Rate To Elevator...............cccooureieiiiniinniin .. 81
Design Summary With Lag-Lead 1,850 in And Lead-Lag 2,500 in Pitch Rate To
Elevator. .o 107

vi



Section 1

Introduction

This report describes the activities and findings conducted under contract NAS-19858-71
with NASA Langley Research Center. Subject matter is the investigation of suitable flight control
design methodologies and solutions for large, flexible high-speed vehicles. Specifically,
methodologies are to address the inner control loops used for stabilization and augmentation of a
highly coupled airframe system possibly involving rigid-body motion, structural vibrations,
unsteady aerodynamics, and actuator dynamics. The flight control strategies must address basic
specifications/requirements, -2 or clearly display the design tradeoffs to the flight control engineer.
Techniques considered in this body of work are primarily conventional-based3 for two reasons.
First, conventional-based schemes facilitate an understanding into the "physics” which leads to
simple yet effective solutioﬁs that go a long way in implementation of a multiply redundant
architecture requiring scheduling with flight condition and modification during test and
development. Secondly, wisdom advises an assessment of the capabilities of less sophisticated,
but highly successful ‘techniques when tackling a new challenge (large flexible high-speed
vehicles), before transitioning to more advanced design strategies.

The vehicle of interest is the High-Speed Civil Transport (HSCT).4> This vehicle is
projected to have a pitch divergence due to the relaxation of static stability at subsonic speeds.
Further, significant interaction between rigid-body and aeroelastic degrees of freedom is expected.
Characteristics of this sort will, by necessity, require a set of initial feedback loops to correct for
these deficiencies and bring the closed-loop vehicle system back to a level which is acceptable to
the pilot and passengers. Functions of this inner loop flight coﬁtrol system (FCS) for HSCT will
be to 1) artificially supply the stability inherently lacking in the airframe, 2) augment the key

pilot/passenger centered responses to obtain crisp, well damped behavior, and 3) suppress



aeroelastic motions in all responses, all with minimal FCS architecture. The objectives of the
contract work are to explore the possibilities for such an inner loop FCS.

This work is heavily dependent upon the timely generation, by external sources, of
representative airframe math models with the requisite fidelity. Section II presents several
numerical models made available to the contractor, as well as an applicable model available in the
literature archive.5-8 The contracting agency supplied models originated from two independent
sources, Boeing and Langley. The Boeing models are generated with internal code, whereas the
Langley models are derived with the package Integrated Structures Aerodynamics and Controls
(ISAC).? Comparisons of two similar models from the independent sources revealed significant
discrepancies and concerns. Further, additional studies with one of these models conducted by
other researchers have reported atypical features. At this time, the use of any and all aeroelastic
airframe dynamic models should be treated with caution. In spite of this hurdle, one mode] was
deemed sufficiently accurately for FCS studies. -

The contract Statement of Work (see Appendix A) consisted of three distinct tasks
contributing to the overall objective. These tasks include
1. Application of previous design milestones to HSCT,

2. Expanded consideration of Multi-Sensor/Single-Surface design strategies, and

3. Multi-Sensor/Multi-Surface design strategies.

These tasks are briefly outlined here before moving on to the dedicated chapters with detailed
reporting of the activities.

_Analysis/Synthesis of a conventional Single-Sensor/Single-Surface (SS/SS) FCS, using a
vehicle model (SCRA8) which accurately represents the features of current HSCT configurations
under study, indicates multiple conflicting constraints that can not be overcome with this
architecture.10 Studies of a Multi-Sensor/Single-Surface (MS/SS) arrangement shows improved
potential for success, but still with undesirable features. Section III describes the first task of
exercising these milestones on current aeroelastic models (Ref. H) of the HSCT for assessment of

the baseline configuration. The previous SS/SS and MS/SS milestones have exploited



characteristics specific to the design model such as modal frequency distribution and modal input-
output participation. These FCS have been adjusted and re-tuned for Ref. H specific data. Results
indicate the control system design issues are strikingly similar to the previous investigations.
Aeroelastic dynamics heavily influence the inner loop design and rate gyro placement is critical.
Gain stabilization employing a single rate gyro does not appear feasible.

The second task reported on in Section IV is a more in-depth investigation of the MS/SS or
blended sensor architecture. Rate gyro placement within a highly elastic vehicle directly influences
the aeroelastic behavior and aeroelastic-rigid-body coupling in transfer functions involving that
angular rate. Therefore, the capability, or lack thereof, to augment the vehicle rigid-
body/aeroelastic dynamics is highly dependent upon sensor mounting location.10:11 Seldom can
multiple desirable features be obtained with a single sensor in a highly elastic vehicle. Blending of
several sensors allows more design freedom to shape the composite feedback signal for effective
control. Formal optimization search algorithms have been employed to assist the multiple sensor
placement challenge. Formulation of cost functionals which capture the key desirable/undesirable
FCS characteristics associated with fore and aft center line candidate sensor locations have been
considered. The technique has demonstrated potential by converging to the "manually optimized"
solution, as well as offering improvement beyond this manual design. Even still, several
objectionable features persist and are shown to be inherent with the low pass/band pass
implementation. Consideration of lag-lead and lead-lag filters for blending circumvents this
problem.

Closed-loop systems with MS/SS architectures, although showing promise, also indicate
drawbacks. Primarily, their inability to provide acceptable motions at the cockpit station. Section
V describes this limitation as part of the third task which is to explore the advantages of using a
Multi-Sensor/Multi-Surface (MS/MS) architecture for the inner loop FCS. The addition of a
secondary but fully independent channel dedicated to aeroelastic suppression, which operates in
harmony with the primary channel dedicated to rigid-body control, offers enormous potential for

exploitation.8 Studies have concentrated on existing surfaces already present in the Ref. H math



models, such as wing trailing edge devices. However, preliminary results indicate the trailing edge

surfaces, coupled with the elevator, are not appropriate for the aeroelastic suppression function.



Section II

Aeroelastic Vehicle Modeling Issues

A. Model Description

Modeling of highly integrated HSCT class vehicles requires the flight dynamics engineer to
return to the governing fundamental principles of rigid-body motion, structural vibrations,
unsteady aerodynamics, etc. Revisiting these principles allows the relevant features to enter the
early stages of the modeling process. The resulting models accurately capture the contributions
from each discipline to the overall dynamic behavior, as well as the interaction between the
disciplines. Refs. 12-15 describe such a process leading to nonlrinear models, from which linear
models can be extracted for use in control system design.

The linear models are represented in state space form as
j22:+Bu+Bﬁ+Bﬁ (1.1
In general, the state vector x consists of the rigid-body positions and velocities, generalized
coordinates originating from the structural vibrations, and variables representing the unsteady

aerodynamic degrees of freedom. Focusing on the longitudinal dynamics leads to

T

x=(uwqg .m;.. .M. .. Z;... (1.2)
u - forward speed
w - downward speed
q - pitch rate
6 - pitch angle
n; - generalized coordinate for it aeroelastic mode
Z; - ith unsteady aerodynamic state
Control inputs are denoted by u where

T
u=[8E o — ] (1.3)

g - elevator deflection

drg; - ith wing trailing edge symmetric deflection
(TE1 is inboard most, TE4 is outboard most)



Finally, responses of interest y include measured pitch rates throughout the vehicle,

y= [...qxs...]T (1.4)

qxs - pitch rate at structural body location x,

If unsteady aerodynamics are modeled, then surface deflection rates and accelerations
become inputs leading to matrices B’ and B" as indicated in Eq. (1.1). To circumvent this
noncausal behavior, and to model the actuation hardware dynamics, 31d order actuator models are
considered as a "front end" to the airframe model. Fig. 1 illustrates this feature with the elevator

surface actuator. From Fig. 1, the elevator actuator model is

2
Op(9)=3 E p 52+2£00)s+(02 OE(S) (13)

o
i T R I R Y
= 1 +

E E Ec
5.| | P’ —(p2Lw+w?) ~(p+20w) 8. | [P0
Se| [100]|%

6g =010/ 8

SE _001 SE

Note G(s) represents the airframe transfer function matrix. Generalizing for all actuator hardware,

Xa=A X, +B,u,

a (1.6)
u Cf’
u|= Ca Xa
u C;
which leads to the overall airframe-actuator model
x| |A A|[x ok
Xa - 0 Aa Xa Ba ¢
X
y=[c 0”&}
(1.7

A =BC,+B'C,+B"C,,



SE G(S)

Figure 1. Overall Airframe-Actuator Model

Several numerical models of the type discussed here were made available by Boeing and
Langley for the Ref. H HSCT.67 The baseline configuration is shown in Fig. 2. The vehicle
consists of a long slender fuselage with a highly swept cranked delta wing and conventional aft
tail. In addition to this, a numerical model for the Supersonic Cruise Aircraft (SCRA) is
available.® -This configuration is shown in Fig. 3 and is quite similar to the Ref. H HSCT
- geometry making it applicable for inner loop flight control studies of HSCT class vehicles.

Appendix B describes one of the Boeing numerical models. Internal code at Boeing was
used for development. This model contains the full set of rigid-body states, as well as 15
aeroelastic modes. However, the unsteady aerodynamic expansion included only the quadratic
terms in s leading to no explicit unsteady aerodynamic states. The original model lacked
representation of the actuator hardware as in Eq. (1.1). However, actuator models consistent with

the Langley models were incorporated. The Appendix B model corresponds to the following flight

condition.

Source: Boeing (Appendix B) B ,

Trim Condition: Wings-Level, Level, Rectilinear Flight, Initial Cruise Phase

M=0.95 | h = 30,000 ft | W =614,864 1bf (MIN)
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Appendix C and D describe two Langley models generated with the Integrated Structures
Aerodynamics and Controls (ISAC) package.? The original models lacked the rigid-body forward
speed degree of freedom (i.e., essentially a short period approximation). However, the Appendix
D model :has been altered from the original. This model is an aggregate model using the forward
speed degree of freedom stability and control derivatives from the Ref. H Cycle 1 Simulation!6 to
augment the ISAC output. This procedure is discussed further in Section II-C. The Appendix C
model was not altered in this way. Both models include 17 aeroelastic modes and 10 unsteady
aerodynamic states. Also, the models were supplied as overall airframe-actuator packages. The

relevant data is listed below.

Source: Langley (Appendix C) .

Trim Condition: Wings-Level, Level, Rectilinear Flight, Ascent Phase

M =0.88 | h =20,000 ft | W = 646,458 Ibf (M5)
Source: Langley (Appendix D)

Trim Condition: Wings-Level, Level, Rectilinear Flight, Final Cruise Phase

M=0.24 [h=0ft | W = 384,862 (M3A)

One additional numerical model is given in Ref. 10, corresponding to the SCRA
configuration. This model contains the full set of rigid-body states, along with 18 aeroelastic
modes. No explicit unsteady aerodynamic states are present in the model. The model is a
modified version of that found in Ref. 8. First, the raw model was awkward in that coupling
existed at the w/w/g/m i/SE level. Elimination of this coupling by algebraic manipulation of the
- governing equations was implemented. Secondly, Ref. 8 indicated a discrepancy in the imbedded
actuator model. To eliminate questions of validity, supplied actuator dynamics were residualized
out of the model. Finally, the stability derivative M, was adjusted to bring the static margin from
7.3% stable to 10% unstable. With the above qualifiers, the model represents the bare airframe, as

in Eq. (1.1). The SCRA model corresponds to the following flight condition.

Source: NASA-CR-172201 (Ref. 10)
Trim Condition: Wings-Level, Level, Rectilinear Flight, Ascent Phase
M=0.6 { h=6,500 ft | W =730,000 Ibf

10



B. Boeing/Langley Model Comparison

Modeling a highly elastic vehicle with unsteady air flow is a difficult task, and the current
procedures for this are lacking in some respect. As wisdom should have it, initial analysis should
compare/contrast similar models from independent sources to assess if they are in rough
agreement, thereby invoking confidence in predictions of vehicle motions. On the other hahd, if
considerable differences do exist, the implication is to use caution whenr relying upon the model.
Models in Appendix B and C are examined in this way. Although dissimilar flight conditions exist
between these twb models, the environment during the early stages of the contract did not allow
comparison of identical flight conditions. Regardless, the trim conditions are considered to be
close enough for first order assessment.

Table 1 lists the poles of the Boeing airframe-actuator model. At this high-speed, high-
altitude condition, the HSCT inherent pitch instability has nearly disappeared as the aerodynamic
center has shifted aft. Rigid-body modes consist of a faster, stable oscillatory mode and two
extremely slow exponential modes, one stable, the other unstable. This distribution of poles is
somewhat peculiar in that the real stable mode is not deeper into the left-half plane, so that as the
aerodynamic center moves aft and the real unstable mode moves to the left and pairs off with this
pole to form the short period mode, the frequency of oscillation is conventional (i.e., around 1
rad/s). Perhaps this change has already occurred and the distribution represents a conv¢ntiona1
short period mode with a long period mode that has degenerated into a tuck instability.
Examination of the M, stability derivative and the eigenvectors supports this possibility.

_ Aeroelastic mode frequencies include the 18t and 224 mode values at 7.0 and 12.8 rad/s all the way
up to a value of 43.7 rad/s for the 15th mode. Damping ratios for these aeroelastic modes are
extremely light (i.e., on the order of 0.1 or sometimes considerably less), as expected.

Tables 2-6 contain the gain and zeros for measured pitch rate to elevator transfer functions
at 5 locations along the fuselage centerline. Each set of factored numerators contain the rigid-body
zeros 1/1g, and 1/1g,, and a pair of zeros for every aeroelastic mode. The overriding feature that is

apparent from these Tables relative to Table 1 is the "tight" aeroelastic dipoles (i.e., zero/pole
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separation is small) for aft sensor locations (2,115 in, 2,525 in, and 3,157 in). At forward
locations, the dipole structures degrade relative to the aft locations. This feature is more easily
recognized graphically. Fig:s. 4-8 show the pole/zero distributions in the complex plane, while
Figs. 9-13 display the corresponding frequency responses. Note in Fig. 6 how all aeroelastic
zeros are virtually on top of the corresponding poles. In Fig. 11, this feature can be seen as a
relatively smooth -20 db/dec magnitude plot in the 10-100 rad/s frequency range.

Transitioning to the Langley model, Tab. 7 lists the airframe-actuator poles. From Tab. 7,
note the rigid-body modes consist of a stable oscillatory mode and one real neutrally stable mode.
Recall this model does not have the forward speed degree of freedom, hence the pole at the origin.
Since a strong oscillatory mode still exists after the "short period approximation” via ISAC, one
can conclude that this mode is indeed the conventional short period, not the so-called 31 oscillatory
mode associated with relaxed static margins. The HSCT relaxed static stability feature is not
present at this flight condition. Aeroelastic mode frequencies include the 15t and 204 mode values
at 7.7 and 15.6 rad/s all the way up to a value of 63.1 rad/s for the 17th mode. Damping ratios for
these aeroelastic modes are extremely light (i.e., on the order of 0.1 or sometimes considerably
less), as expected.

Tables 8-12 and Figs. 14-23 describe the pitch rate to elevator transfer function data for the
Langley model which parallels the previous data for the Boeing model. The main feature to focus
on here is that "tight" aeroelastic dipoles occur in an isolated fashion, not in a long sequence of
many modes. Here, the magnitude frequency response plots indicate considerable dynamics in the
aeroelastic frequency ranges. Further, as the sensor location is varied, the plots indicate that

different aeroelastic modes are being sensed.
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Table 1. Poles Of Boeing Appendix B Model
Root Location (1/s) Freq. (rad/s) Darping (-) Description
2.9822e-02 2.9822e-02 -1.0000e+00 Tuck Unstable
-3.6534e-02 3.6534e-02 1.0000e+00 Tuck Stable
-5.9134e-01+ 1.1896e+001 1.3285e+00 4.4511e-01 Short Period
-5.9134e-01- 1.1896e+001 1.3285e+00 4.4511e-01 Short Period
-3.5111e-01+ 7.0209e+001 7.0297e+00 4.9947e-02 Aeroelastic 1
-3.5111le-01- 7.0209e+00i 7.0297e+00 4.9947e-02 Aeroelastic 1
-5.3373e-01+ 1.2806e+01i 1.2817e+01 4.1642e-02 Aeroelastic 2
-5.3373e-01- 1.2806e+01i 1.2817e+01 4.1642e-02 Aeroelastic 2
-1.4936e-01+ 1.4679%e+011 1.4680e+01 1.0174e-02 Aercelastic 3
-1.4936e-01- 1.4679e+01i 1.4680e+01 1.0174e-02 Aeroelastic 3
~2.6817e-01+ 1.5759e+01i 1.5761le+01 1.7015e-02 Aeroelastic 4
-2.6817e-01- 1.5759%e+01i 1.5761le+01 1.7015e-02 Aeroelastic 4
-2.4187e-01+ 1.6383e+01i 1.6385e+01 1.4762e-02 Aeroelastic 5
-2.4187e-01- 1.6383e+01i 1.6385e+01 1.4762e-02 Aeroelastic 5
-5.7167e-01+ 2.005%e+01i 2.0067e+01 2.8488e-02 Aeroelastic 6
-5.7167e-01- 2.0059e+01i 2.0067e+01 2.8488e-02 Aeroelastic 6
-2.4019%9e+00+ 2.038le+01i 2.0522e+01 1.1704e-01 Aeroelastic 7
-2.4019e+00- 2.038le+01i 2.0522e+01 1.1704e-01 Aerocelastic 7
-2.2000e+01 2.2000e+01 1.0000e+00 Elevator Actuator
-6.3930e-01+ 2.5915e+011 2.5923e+01  2.4662e-02 Aeroelastic 8
-6.3930e-01- 2.53%15e+01i 2.5923e+01 2.4662e-02 Aeroelastic 8
-1.8180e+00+ 3.1420e+01i 3.1473e+01 5.7763e-02 Aeroelastic 9
-1.8180e+00- 3.1420e+01i 3.1473e+01 5.7763e-02 Aercelastic 9
-1.2665e+00+ 3.7844e+011 3.7865e+01 3.3447e-02 Aercelastic 10
-1.2665e+00- 3.7844e+01i 3.7865e+01 3.3447e-02 Aeroelastic 10
-2.7426e+00+ 3.7857e+011i 3.7956e+01 7.2257e-02 Aeroelastic 11
~2.7426e+00~- 3.7857e+01li 3.7956e+01 7.2257e-02 Aeroelastic 11
-5.1396e-01+ 3.9994e+01i 3.9998e+01 1.2850e-02 Aercelastic 12
~-5.1396e-01- 3.9994e+01i 3.9998e+01 1.2850e-02 Aeroelastic 12
-5.2496e-01+ 4.1405e+01i 4.1408e+01 1.2678e-02 Aeroelastic 13
-5.2496e-01- 4.1405e+011i 4.1408e+01 1.2678e-02 Aeroelastic 13
-5.8376e-01+ 4.2330e+01i 4.2334e+01 1.3789e-02 Aeroelastic 14
-5.8376e-01- 4.2330e+01i 4.2334e+01 1.378%e-02 Aeroelastic 14
-4.5366e-01+ 4.3745e+011 4.3747e+01 1.0370e-02 Aeroelastic 15
-4.5366e-01- 4.3745e+011 4.3747e+01 1.0370e-02 Aeroelastic 15
-1.5556e+02+ 1.5556e+02i 2.2000e+02 7.0710e-01 Elevator Actuator
-1.5556e+02- 1.5556e+021 2.2000e+02 7.0710e-01 Elevator Actuator
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Table 2. Zeros Of Boeing Appendix B Model For 319 in Pitch Rate To Elevator Channel

Gain = 1.6751e-01 rad/s/rad

Root Location (1/s) Freq. (rad/s) Darping (-) Description

0 (4 -1.0000e+00 Pitch "Rate"
-9.6188e-03 9.6188e-03 1.0000e+00 Tau Theta 1
-5.8642e-01 5.8642e-01 1.0000e+00 Tau Theta 2
-1.2571e+00+ 7.0173e+001 7.1290e+0Q0 1.7634e-Q1 Aeroelastic 1
~1.2571e+00- 7.0173e+001 7.12%0e+00 1.7634e-01 Aeroelastic 1
-2.0863e-01+ 1.2904e+011i 1.2906e+01 1.6166e-02 Aeroelastic 2
~-2.0863e-01- 1.2904e+011 1.2906e+01 1.6166e-02 Aercelastic 2
-1.5076e-01+ 1.4680e+011i 1.468le+01 1.026%e-02 Aeroelastic 3
~-1.5076e-01~ 1.4680e+01i 1.468le+01 1.0269%9e-02 Aeroelastic 3
-1.9468e-01+ 1.5642e+01i 1.5643e+01 1.2445e-02 Aeroelastic 4
~-1.9468e-01- 1.5642e+01i 1.5643e+01 1.2445e-02 Aeroelastic 4
-3.3056e-01+ 1.6373e+011 1.6376e+01 2.0186e-02 Aeroelastic 5
-3.3056e-01- 1.6373e+01i 1.6376e+01 2.0186e-02 Aeroelastic 5
-1.7261e+00+ 1.9798e+01i 1.9873e+01 8.6854e-02 Aeroelastic 6
-1.7261e+00- 1.9798e+01i 1.9873e+01 8.6854e-02 Aercelastic 6
-7.1160e-01+ 2.0589e+01i 2.0601e+01 3.4541e-02 Aeroelastic 7
~7.1160e-01- 2.058%e+01i 2.0601e+01 3.4541e-02 Aercelastic 7
-2.2495e+00+ 2.5994e+01i 2.6091e+01 8.6217e-02 Aeroelastic 8
-2.2495e+00~ 2.5994e+01i 2.6091e+01 8.6217e-02 Aeroelastic 8
-1.6874e+00+ 3.1451e+01i 3.1496e+01 5.3576e-02 Aeroelastic 9
-1.6874e+00- 3.1451e+01i 3.1456e+01 5.3576e-02 Aercelastic 9
-8.6767e~01+ 3.6919e+011 3.6930e+01 2.3495e-02 Aercelastic 10
-8.6767e-01- 3.6919%e+011 3.6930e+01 2.3495e-02 Aeroelastic 10
-3,0486e+00+ 3.8669e+01i 3.8789%e+01 7.8594e-02 Aeroelastic 11
-3.0486e+00- 3.866%e+011 3.878%e+01 7.8594e-02 Aeroelastic 11
-5.6945e-01+ 3.9911e+01i 3.9915e+01 1.4267e-02 Aeroelastic 12
-5.6945e~-01- 3.9911e+01i 3.9915e+01 1.4267e-02 Aercelastic 12
-6.4701e-01+ 4.1463e+011 4.1468e+01 1.5603e-02 Aeroelastic 13
-6.4701e-01- 4.1463e+011i 4.1468e+01 1.5603e-02 Aercelastic 13
-7.5046e-01+ 4.2345e+011 4.2352e+01 1.7719e-02 Aeroelastic 14
-7.5046e-01- 4.2345e+01i 4.2352e+01 1.7719e-02 Aercelastic 14
-4.6148e-01+ 4.3746e+011 4.374%9e+01 1.0548e-02 Aeroelastic 15
-4.6148e-01- 4.3746e+01i 4.3749e+01 1.0548e-02 Aerocelastic 15
-1.4154e+03 1.4154e+03 1.0000e+00 Noncausal Rate
2.0840e+03 2.0840e+03 -1.0000e+Q0 Noncausal Acceleration
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Table 3. Zeros Of Boeing Appendix B Model For 778 in Pitch Rate To Elevator Channel

Gain = -6.349%6e-02 rad/s/rad

Root Location (1l/s) Freg. (rad/s) Dampiggr(—) Description

[¢] 0 -1.0000e+00 | Pitch "Rate"
-9.6210e-03 9.6210e-03 1.0000e+00 Tau Theta 1
-5.8122e-01 5.8122e-01 1.0000e+00 Tau Theta 2
-1.7018e+00+ 6.9512e+00i 7.1565e+00 2.3780e-01 Aeroelastic 1
-1.7018e+00~ 6€.9512e+001 7.1565e+00 2.3780e-01 Aeroelastic 1
-1.2571e-01+ 1.2978e+011i 1.2979e+01 9.6862e-03 Aeroelastic 2
-1.2571e-01- 1.2978e+01i 1.2979e+01 9.6862e-03 Aeroelastic 2
-1.5132e-01+ 1.468le+011i 1.4681le+01 1.0307e-02 Aeroelastic 3
-1.5132e-01- 1.468le+01i 1.4681le+01 1.0307e-02 Aeroelastic 3
-1.7203e-01+ 1.5615e+01i 1.5616e+01 1.1016e-02 Aercelastic 4
-1.7203e-01- 1.5615e+01i 1.5616e+01 1.1016e-02 Aeroelastic 4
-3.4564e-01+ 1.6367e+01i +1.6371e+01 2.1113e-02 Aeroelastic 5
-3.4564e-01- 1.6367e+01i 1.6371e+01 2.1113e-02 Aeroelastic 5
-1.6822e+00+ 1.9736e+01i 1.9808e+01 8.4924e-02 Aeroelastic 6
-1.6822e+00- 1.9736e+01i 1.9808e+01 '8.4924e-02 Aerocelastic 6
-7.3628e-01+ 2.0631e+011 2.0644e+01 3.5666e-02 Aeroelastic 7
-7.3628e-01- 2.0631le+01i 2.0644e+01 3.5666e-02 " | Aeroelastic 7
~-1.8881e+00+ 2.5982e+01i 2.6050e+01 7.2479e-02 Aeroelastic 8
-1.8881e+00- 2.5982e+01i 2.6050e+01 7.2479%e-02 Aeroelastic 8
-1.7566e+00+ 3.1423e+01i 3.1472e+01 5.5815e-02 Aeroelastic 9
-1.7566e+00- 3.1423e+01i 3.1472e+01 5.5815e-02 Aeroelastic 9
-1.1948e+00+ 3.748le+011 3.7500e+01 3.1860e-02 Aerocelastic 10
-1.1948e+00~- 3.748le+01li 3.7500e+01 3.1860e-02 Aeroelastic 10
-2.7036e+00+ 3.8173e+01i 3.8268e+01 7.0649e-02 Aeroelastic 11
-2.7036e+00- 3.8173e+01i 3.8268e+01 7.0649e-02 Aerocelastic 11
-5.2517e-01+ 3.9973e+01i 3.9977e+01 1.3137e-02 Aeroelastic 12
-5.2517e-01- 3.9973e+011 3.9977e+01 1.3137e-02 Aeroelastic 12
-5.4532e-01+ 4.1413e+01i 4.1416e+01 1.3167e-02 Aeroelastic 13
-5.4532e-01- 4.1413e+011 4.1416e+01 1.3167e-02 Aeroelastic 13
-6.0126e-01+ 4.2336e+01i1 4.2340e+01 1.4201e-02 Aeroelastic 14
-6.0126e-01- 4.2336e+011i 4.2340e+01 1.4201e-02 Aeroelastic 14
-4.5406e-01+ 4.3745e+01i1 4.3747e+01 1.0379%e-02 Aeroelastic 15
-4.5406e-01- 4.3745e+01i 4.3747e+01 1.0379e-02 Aercelastic 15
-3.0870e+02+ 2.7688e+03i 2.7860e+03 1.1080e-01 Noncausal Rate
-3.0870e+02~ 2.7688e+031 2.7860e+03 1.1080e-01 Noncausal Acceleration
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Table 4. Zeros Of Boeing Appendix B Model For 2,115 in Pitch Rate To Elevator Chamnnel

Gain = 2.7205e-01 rad/s/rad

Root Location {1/s) Freg. (rad/s) Damping (-) Description

0 0 -1.0000e+00 Pitch "Rate"
-9.6149e-03 9.6149e-03 1.0000e+00 Tau Theta 1
~-5.9588e-01 5.9588e-01 1.0000e+00 Tau Theta 2
-1.3902e-01+ 7.0062e+001 7.0076e+00 1.9838e-02 Aeroelastic 1
-1.3902e-01- 7.0062e+001 7.0076e+00 1.9838e-02 Aeroelastic 1
-5.6232e-~-01+ 1.2809e+011i 1.2821e+01 4.385%e-02 Aercelastic 2
-5.6232e-01- 1.280%e+011 1.2821e+01 4.3859%e-02 Aeroelastic 2
-1.4931e-01+ 1.4679%e+01i 1.4680e+01 1.0171e-02 Aeroelastic 3
-1.4931e-01- 1.467%e+011 1.4680e+01 1.0171e-02 Aeroelastic 3
-2.8226e-01+ 1.5778e+011i 1.5780e+01 1.7887e-02 Aeroelastic 4
-2.8226e-01- 1.5778e+01i 1.5780e+01 1.7887e-02 Aercelastic 4
~-2.2266e-01+ 1.6386e+011 1.6388e+01 1.3587e-02 Aeroelastic 5
-2.2266e-01- 1.63B6e+(01i 1.6388e+01 1.3587e-02 Aerocelastic 5
-5.3595e-01+ 2.0044e+01i 2.0051e+01 2.672%9e-02 Aeroelastic 6
-5.3595e-01- 2.0044e+01i 2.0051e+01 2.6729%e-02 Aeroelastic 6
-2.5712e+00+ 2.0415e+011i 2.0576e+01 1.2496e-01 Aeroelastic 7
-2.5712e+00- 2.0415e+01i 2.0576e+01 1.2496e-01 Aeroelastic 7
-6.4491e-01+ 2.5909e+01i 2.5917e+01 2.4884e-02 Aeroelastic 8
-6.449%1e-01- 2.5909e+011i 2.5917e+01 2.4884e-02 Aeroelastic 8
-1.8735e+00+ 3.1469e+01i 3.1525e+01 5.9431e-02 Aeroelastic 9
-1.8735e+00- 3.1469%e+01i ~3.1525e+01 5.9431e-02 Aeroelastic 9
-1.2197e+00+ 3.7718e+011i 3.7737e+01 3.2322e-02 Aercelastic 10
-1.2197e+00- 3.7718e+01i 3.7737e+01 3.2322e-02 Aeroelastic 10
~-2.9273e+00+ 3.7953e+01i 3.8066e+01 7.6900e-02 Aeroelastic 11
~2.9273e+00- 3.7953e+01i 3.8066e+01 7.6900e-02 Aeroelastic 11
-5.2465e-01+ 3.9977e+01i 3.9981e+01 1.3123e-02 Aercelastic 12
-5.2465e-01- 3.9977e+01i 3.9981e+01 1.3123e-02 Aeroelastic 12
~-5.6081e-01+ 4.1426e+01i 4.1430e+01 1.3536e-02 Aeroelastic 13
-5.6081le-01- 4.1426e+011 4.1430e+01 1.3536e-02 Aeroelastic 13
-6.3974e-01+ 4.2352e+01i 4.2357e+01 1.5104e-02 Aeroelastic 14
-6.3974e-01- 4.2352e+01i 4.2357e+01 1.5104e-02 Aeroelastic 14
-4.5727e-01+ 4.3747e+01i 4.3749e+01 1.0452e-02 Aeroelastic 15
-4.5727e-01- 4.3747e+01i 4.3749e+01 1.0452e-02 Aeroelastic 15
-9.2113e+02 9.2113e+02 1.0000e+00 Noncausal Rate

1.9753e+03 1.9753e+03 -1.0000e+00 Noncausal Acceleration
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Table 5. Zeros Of Boeing Appendix B Model For 2,525 in Pitch Rate To Elevator Channel

Gain = 4.8694e-01 rad/s/rad

Root Location (1l/s) Freqg. (rad/s) Damping (-) Description
-0 0 -1.0000e+00 Pitch "Rate"
-9.6124e-03 9.6124e-03 1.0000e+00 Tau Theta 1
-6.0185e-01 6.0185e-01 1.0000e+00 Tau Theta 2
1.7056e-01+ 6.9474e+001 6.9495e+00 -2.4544e-02 Aeroelastic 1
1.7056e-01- 6.9474e+001 6.9495e+00 -2.4544e-02 Aeroelastic 1
-4.0933e-01+ 1.2819%e+01i 1.2825e+01 3.1916e-02 Aeroelastic 2
-4.0933e-01- 1.2819%e+011 1.2825e+01 3.1916e-02 Aeroelastic 2
-1.4955e~-01+ 1.4679%e+011i 1.4680e+01 1.0188e-02 Aeroelastic 3
-1.4955e-01- 1.467%e+01i 1.4680e+01 1.0188e-02 Aeroelastic 3
-2.5227e-01+ 1.5737e+011 1.5739%e+01 1.6029%e-02 Aeroelastic 4
-2.5227e-01- 1.5737e+01i 1.573%e+01 1.6029%e-02 Aeroelastic 4
-2.5650e-01+ 1.6380e+01i 1.6382e+01 1.5657e-02 Aeroelastic 5
-2.5650e-01- 1.6380e+01i 1.6382e+01 1.5657e-02 Aeroelastic 5
-5.8119%e-01+ 2.0087e+011i 2.0095e+01 2.8922e-02 Aeroelastic 6
-5.8119e-01- 2.0087e+011 2.0095e+01 2.8922e-02 Aeroelastic 6
-2.3676e+00+ 2.0306e+011 2.0444e+01 1.158le-01 Aeroelastic 7
-2.3676e+00- 2.0306e+01i 2.0444e+01 1.1581e-01 Aeroelastic 7
-7.8283e-01+ 2.5967e+011 2.5979%e+01 3.0133e-02 Aeroelastic 8
-7.8283e-01- 2.5967e+01i 2.5979e+01 3.0133e-02 _ Aeroelastic 8
-2.0304e+00+ 3.1587e+01i 3.1652e+01 6.4147e-02 Aeroelastic 9
-2.0304e+00- 3.1587e+01i 3.1652e+01 6.4147e-02 Aeroelastic 9
-3.3703e+00+ 3.765le+01i 3.7802e+01 8.9159%-02 Aeroelastic 10
-3.3703e+00- 3.7651e+01i 3.7802e+01 8.915%e-02 Aeroelastic 10
-1.0849e+00+ 3.8023e+01i 3.8038e+01 2.8520e-02 Aeroelastic 11
-1.0849e+00- 3.8023e+011i 3.8038e+01 2.8520e-02 Aeroelastic 11
-5.2799e-01+ 3.9983e+01i 3.9987e+01 1.3204e-02 ‘Aeroelastic 12
-5.2799e-01- 3.9983e+011i 3.9987e+01 1.3204e-02 Aeroelastic 12
-6.5175e-01+ 4.1504e+01i 4.1509e+01 1.5701e-02 Aeroelastic 13
-6.5175e-01~ 4.1504e+011 4.1509%e+01 1.5701e-02 Aeroelastic 13
-8.2270e-01+ 4.2370e+011 4,.2378e+01 1.9413e-02 Aeroelastic 14
-8.2270e-01- 4.2370e+01i 4.2378e+01 1.9413e-02 Aeroelastic 14
-4.6068e-01+ 4.3745e+01i 4.3748e+01 1.0530e-02 Aeroelastic 15
-4.6068e-01- 4.3745e+011 4.3748e+01 1.0530e-02 Aeroelastic 15
-5.4261le+02 5.4261e+02 1.0000e+00 Noncausal Rate
1.8747e+03 1.8747e+03 -1.0000e+00 Noncausal Acceleration
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Table 6. Zeros Of Bbéfﬁé,Appendix B Model For 3,157 in Pitch Rate To Elevator Channel

Gain = 6.6562e-01 rad/s/rad

Root Location (1/s) Freqg. (rad/s) Damping {-) Description
0 0 -1.0000e+00 Pitch "Rate"
~9.6010e-03 9.6010e-03 1.0000e+00 Tau Theta 1
-6.3307e-01 6.3307e-01 1.0000e+00 Tau Theta 2
1.1613e-01+ 7.0028e+001i 7.0038e+00 ~1.6580e-02 Aeroelastic 1
1.1613e-01- 7.0028e+001 7.0038e+00 -1.6580e-02 Beroelastic 1
-2.7374e-01+ 1.288le+01i ~ 1.2884e+01 2.1247e-02 Aeroelastic 2
-2.7374e-01- 1.288le+011i 1.2884e+01 2.1247e-02 Aeroelastic 2
-1.5066e-01+ 1.4680e+011i 1.4680e+01 1.0263e-02 Aeroelastic 3
-1.5066e-01- 1.4680e+011 1.4680e+01 1.0263e-02 Aeroelastic 3
~2.091le-01+ 1.5696e+011 1.5697e+01 1.3321e-02 Aeroelastic 4
-2.0911le-01- 1.5696e+01i 1.5697e+01 1.3321e-02 Aeroelastic 4
-2.8144e-01+ 1.6368e+011 1.6370e+01 1.7193e-02 Aeroelastic 5
-2.8144e-01- 1.6368e+01i 1.6370e+01 1.7193e-02 Aeroelastic 5
-4.7890e-01+ 1.9854e+01i 1.9859%e+01 2.4115e-02 Aeroelastic 6
-4.7890e-01- 1.9854e+011i 1.9859e+01 2.4115e-02 Aeroelastic 6
-2.0048e+00+ 2.0588e+011i 2.0686e+01 9.6919e-02 Aeroelastic 7
~2.0048e+00- 2.0588e+011 2.0686e+01 9.6919e-02 Aeroelastic 7
1.4099e-01+ 2.6032e+011 2.6033e+01 -5.415%e-03 Aeroelastic 8
1.409%e-01- 2.6032e+011 2.6033e+01 -5.415%e-03 Aeroelastic 8
-1.3343e+00+ 3.1172e+01i 3.1201e+01 4.2765e-02 Aeroelastic 9
-1.3343e+00- 3.1172e+011 3.1201e+01 4.2765e-02 Aeroelastic 9
-1.2452e+00+ 3.7208e+01i 3.7229e+01 3.3448e-02 Aeroelastic 10
~1.2452e+00- 3.7208e+011i 3.722%e+01 3.3448e-02 Aeroelastic 10
-1.6783e+00+ 3.880le+0l11i 3.8838e+01 4.3214e-02 Aeroelastic 11
-1.6783e+00- 3.8801e+01i 3.8838e+01 4.3214e-02 Aeroelastic 11
-5.8711e-01+ 3.9972e+011 3.9977e+01 1.4686e-02 Aeroelastic 12
-5.8711e-01- 3.9972e+01i 3.9977e+01 1.4686e-02 Aeroelastic 12
-5.3092e-01+ 4.137%e+01i 4.1383e+01 1.2830e-02 - Aeroelgscic 13
~5.3092e-01- 4.1379e+01i 4.1383e+01 1.2830e-02 Reroelastic 13
-5.1641le-01+ 4.2258e+01i 4.2261e+01 1.221%e-02 Aeroelastic 14
-5.1641e-01- 4.2258e+011 4.2261e+01 1.221%e-02 Aeroelastic 14
-4.4073e~-01+ 4.3733e+01i 4.3735e+01 1.0077e-02 Aeroelastic 15
-4.4073e-01- 4.3733e+01i 4.3735e+01 1.0077e-02 Aeroelastic 15
1.2888e+02 1.2888e+02 -1.0000e+00 Noncausal Rate
~5.5392e+03 5.5392e+03 1.0000e+00 Noncausal Acceleration
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Table 7. Poles Of Langley Appendix C Model

Root Location (1/s) Freq. (rad/s) Ianping (-) Description

0 0 ~1.0000e+00 Long Period Remnant
-6.6398e-01+ 1.6657e+00i 1.7932e+00 3.7028e-01 Short Period
~6.6398e-01- 1.6657e+001 1.7932e+00 3.7028e-01 Short Period
-2.2755e+00 2.2755e+00 1.0000e+00 Unsteady Aero 1
-4.5517e+00 4.5517e+00 1.0000e+00 Unsteady Aero 2
-3.7179%e-01+ 7.6920e+00i 7.7009e+00 4.8279%e-02 Aeroelastic 1
-3.7179e-01- 7.6920e+001 7.7009e+00 4.8279%e-02 Aeroelastic 1
-1.0837e+00+ 1.5547e+01i 1.5585e+01 6.9536e-02 Aeroelastic 2
-1.0837e+00- 1.5547e+011 1.5585e+01 6.9536e-02 Aeroelastic 2 ]
-1.6395e+01 1.6395e+01 1.0000e+00 Unsteady Aero 3
-6.5794e-04+ 1.6855e+011 1.6855e+01 3.9035e-05 Aeroelastic 3 -
-6.5794e-04- 1.6855e+011 1.6855e+01 3.9035e-05 Aeroelastic 3
-6.2405e-01+ 1.8063e+01i 1.8074e+01 3.4528e-02 Aeroelastic 4
-6.2405e-01- 1.8063e+011 1.8074e+01 3.4528e-02 Aeroelastic 4
-1.0123e-01+ 1.9385e+011 1.9385e+01 5.2221e-03 Aeroelastic 5
-1.0123e-01- 1.9385e+011i 1.9385e+01 5.2221e-03 Aeroelastic 5 ]
-3.1294e+00+ 2.1527e+01i 2.1753e+01 1.4386e-01 Aeroelastic 6
-3.1294e+00- 2.1527e+01i 2.1753e+01 1.4386e-01 Aeroelastic 6
-2.2000e+01 2.2000e+01 1.0000e+00 Elevator Actuator
-3.5439e-01+ 2.3358e+01i 2.3361e+01 1.5170e-02 Aeroelastic 7
-3.5439e-01- 2.3358e+01i 2.3361le+01 1.5170e-02 Aeroelastic 7
~-2.6099e+01+ 1.0311e+001 2.6120e+01 9.9922e-01 Unsteady Aero 4
-2.6099e+01- 1.0311e+00i 2.6120e+01 9.9922e-01 Unsteady Aero 5
-5.5033e-01+ 2.8147e+01i 2.8152e+01 1.954%e-02 Aeroelastic 8
-5.5033e-01- 2.8147e+01i 2.8152e+01 1.9549%e-02 Aeroelastic 8
-3.2799%e+01 3.2799%e+01 1.0000e+00 Unsteady Aero 6
-8.4445e+00+ 3.3125e+01i 3.4184e+01 2.4703e-01 Aeroelastic 9
-8.4445e+00- 3.3125e+011 3.4184e+01 2.4703e-01 Aeroelastic 9
-1.0298e+00+ 3.7226e+011 3.7240e+01 2.7653e-02 Aeroelastic 10
-1.0298e+00- 3.7226e+01i 3.7240e+01 2.7653e-02 Aeroelastic 10
-9.1697e-01+ 3.8256e+011 3.8267e+01 2.3962e-02 Aeroelastic 11
-9.1697e-01- 3.8256e+011 3.8267e+01 2.3962e-02 Aerocelastic 11
-3.9221e+01 3.9221e+01 1.0000e+00 Unsteady Aero 7
-4.4741e+01 4.4741e+01 1.0000e+00 Unsteady Aero 8
-1.0188e+00+ 4.8602e+01i 4.8613e+01 2.0957e-02 Aeroelastic 12
-1.0188e+00- 4.8602e+011 4.8613e+01 2.0957e-02 Aeroelastic 12
-4.7311e-01+ 4.9809%e+01i 4.9811e+01 9.4981e-03 Aeroelastic 13
-4.7311e-01- 4.9809%e+01i 4.9811le+01 9.498le-03 Aeroelastic 13
-4.1768e-01+ 5.5466e+011 5.5468e+01 7.5301e-03 Aeroelastic 14
-4.1768e-01- 5.5466e+011 5.5468e+01 7.5301e-03 Aeroelastic 14
-1.6584e+00+ 5.6245e+011 5.6270e+01 2.9472e-02 Aeroelastic 15
-1.6584e+00- 5.6245e+011 5.6270e+01 2.9472e-02 Reroelastic 15
-5.9895e+01 5.98%5e+01 1.0000e+00 Unsteady Aero 9
-1.8456e-01+ 6.1086e+011 6.1087e+01 3.0213e-03 Aeroelastic 16
-1.8456e-01- 6.1086e+011 6.1087e+01 3.0213e-03 Aeroelastic 16
-6.1559%9e+00+ 6.2762e+011 6.3063e+01 9.7614e-02 Aercoelastic 17
~-6.1559e+00- 6.2762e+01i 6.3063e+01 9.7614e-02 Aeroelastic 17
-9.9206e+01 9.9206e+01 1.0000e+00 Unsteady Aero 10
-1.5556e+02+ 1.5556e+02i 2.2000e+02 7.0710e-01 Elevator Actuator
-1.5556e+02- 1.5556e+021 2.2000e+02 7.0710e-01 Elevator Actuator
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Table 8. Zeros Of Langggy Appendix C Model For 319 in Pitch Rate To Elevator Channel
Gain = -3.9047e+04 rad/s/rad
Root Location {1/s) Freq. (rad/s) Damping (-) Description
0 0 -1.0000e+00 Long Period Remnant
-5.9247e-01 5.9247e-01 1.0000e+00 Tau Theta 2
-2.2120e+00 2.2120e+00 1.0000e+00 Unsteady Aero 1
~5.1325e+00+ 8.9339e-011 5.2097e+00 9.8519e-01 Unsteady Aero 2
-5.1325e+00- 8.9339e-01i 5.2097e+00 9.8519e-01 Aeroelastic 1
5.4243e+00 5.4243e+00 ~-1.0000e+00 Aeroelastic 1
1.1913e+01 1.1913e+01 -1.0000e+00 Aeroelastic 2
-8.2172e+00+ 9.2496e+001 1.2372e+01 6.6415e-01 Aeroelastic 2
-8.2172e+00- 9.2496e+001 1.2372e+01 6.6415e-01 Ncncausal Rate
-5.8924e-01+ 1.6483e+011 1.6493e+01 3.5726e-02 Aeroelastic 4
~5.8924e-01- 1.6483e+011 1.6493e+01 3.5726e-02 Aeroelastic 4
7.5358e-03+ 1.6847e+011 1.6847e+01 -4.4732e-04 Aeroelastic 3
7.5358e-03- 1.6847e+011 1.6847e+01 -4.4732e-04 Aeroelastic 3
-1.7097e+01 1.7097e+01 1.0000e+00 Unsteady Aerc 3
6.8133e-02+ 1.9432e+01i 1.9432e+01 -3.5062e-03 Aeroelastic 5
6.8133e-02- 1.9432e+011 1.9432e+01 -3.5062e-03 Aeroelastic 5
3.9066e+00+ 1.9513e+011 1.9900e+01 -1.9631e-01 Aeroelastic 8
3.9066e+00- 1.9513e+01i 1.9900e+01 -1.9631e-01 Aeroelastic 8
-2.7607e+00+ 2.2065e+011 2.2237e+01 1.2415e-01 Aeroelastic 6
-2.7607e+00- 2.2065e+011 2.2237e+01 1.2415e-01 Aeroelastic 6
-1.6394e-01+ 2.4311e+01i 2.4312e+01 6.7432e-03 Aercelastic 7
-1.6394e-01- 2.4311e+01i 2.4312e+01 6.7432e-03 Aeroelastic 7
-2.0905e+01+ 1.4858e+01i 2.5647e+01 8.1505%e-01 Unsteady Aero 4
-2.0905e+01- 1.4858e+011i 2.5647e+01 8.150%e-01 Unsteady Aero 5
-2.8893e+01 2.8893e+01 1.0000e+00 Unsteady Aero 6
-8.0596e+00+ 3.1974e+01i 3.2974e+01 2.4442e-01 Aeroelastic 9
-8.0596e+00~ 3.1974e+0li 3.2974e+01 2.4442e-01 Aeroelastic 9
3.3601e+01 ' 3.3601e+01 -1.0000e+00 Noncausal Acceleration
-3.3473e+00+ 3.3460e+01i 3.3627e+01 9.9541e-02 Aeroelastic 10
-3.3473e+00- 3.3460e+01i 3.3627e+01 9.9541e-02 Aeroelastic 10
-3.6607e+01+ 1.1028e+00i 3.6624e+01 9.9955e-01 Unsteady Aero 7
-3.6607e+01- 1.1028e+00i 3.6624e+01 9.9955e-01 Unsteady Aero 8
-1.3632e+00+ 3.7844e+01i 3.7868e+01 3.5999%e-02 Aercelastic 11
-1.3632e+00- 3.7844e+01i 3.7868e+01 3.5999e-02 Aercelastic 11
7.8412e+00+ 3.7506e+01i 3.8317e+01 -2.0464e-01 Aerocelastic 13
7.8412e+00- 3.7506e+01i 3.8317e+01 -2.0464e-01 Aercelastic 13
-1.1068e+00+ 4.8746e+01i 4.8759%e+01 2.2700e-02 Aeroelastic 12
-1.1068e+00- 4.8746e+011 4.8759e+01 2.2700e-02 Aercelastic 12
-4.1280e-01+ 5.5171le+01i 5.5172e+01 7.4820e-03 Aercelastic 14
-4.1280e-01- 5.5171e+01li 5.5172e+01 7.4820e-03 Aercelastic 14
-1.4677e+00+ 5.628%e+01i 5.6308e+01 2.6066e-02 Aercelastic 15
-1.4677e+00- 5.628%e+01i 5.6308e+01 2.6066e-02 Aeroelastic 15
-5.8229%e+01 5.8229e+01 1.0000e+00 Unsteady Aero 9
-1.897%e-01+ 6.1174e+011i 6.1174e+01 3.1025e-03 Aerocelastic 16
~1.897%e-01-" 6.1174e+011i 6.1174e+01 3.1025e-03 Aercelastic 16
-5.5883e+00+ 6.5153e+011 6.5393e+01 8.5458e-02 Aercelastic 17
~-5.5883e+00~ 6.5153e+01i 6.5393e+01 8.5458e-02 Aeroelastic 17
9.0277e+01 9.0277e+01 -1.0000e+00 Unsteady Aero 10
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Table 9. Zeros Of Langley Appendix C Model For 778 in Pitch Rate To Elevator Channel
Gain = -3.0002e+04 rad/s/rad - -
Root Location (1/s) Freq. (rad/s) Damping {-) Description
0 0 -1.0000e+00 Long Period Remnant
-6.1608e-01 6.1608e-01 1.0000e+00 Tau Theta 2
-2.2150e+00 2.2150e+00 1.0000e+00 Unsteady Aero 1
-5.3828e+00+ 5.8472e-01i 5.4145e+00 9.9415e-01 Unsteady Aero 2
-5.3828e+00- 5.8472e-01i 5.4145e+00 9.9415e-01 Aeroelastic 1
6.0254e+00 6.0254e+00 -1.0000e+00 Aeroelastic 1
1.1268e+01 1.1268e+01 ~1.0000e+00 Aeroelastic 2
-8.9740e+00+ 9.3435e+001 1.2955e+01 6.9270e-01 Aeroelastic 2
-8.9740e+00- 9.3435e+001 1.2955e+01 6.9270e-01 Noncausal Rate
-6.5832e-01+ 1.6398e+011 1.6411e+01 4.0113e-02 Aeroelastic 4
-6.5832e-01- 1.6398e+01i 1.6411e+01 4.0113e-02 Aercelastic 4
6.1091e-03+ 1.6847e+011 1.6847e+01 -3.6261e-04 Aeroelastic 3
6.1091e-03- 1.6847e+01i1 1.6847e+01 -3.6261e-04 Aeroelastic 3
7.2728e-02+ 1.9422e+01i 1.9422e+01 -3.7446e-03 Aeroelastic 5
7.2728e-02- 1.9422e+01i 1.9422e+01 -3,7446e-03 Aeroelastic 5
4.6870e+00+ 1.9411e+011i 1.9969e+01 -2.3471e-01 Aeroelastic 8
4.6870e+00- 1.941le+011 1.9969%e+01 -2.3471e-01 Aeroelastic 8
-2.2057e+01 2.2057e+01 1.0000e+00 Unsteady Aero 3
-2.7513e+00+ 2.1928e+011 2.2100e+01 1.244%e-01 Aeroelastic 6
-2.7513e+00- 2.1928e+011 2.2100e+01 1.2449e-01 Aeroelastic 6
6.2303e-03+ 2.4383e+01i 2.4383e+01 -2.5552e-04 Aeroelastic 7
6.2303e-03- 2.4383e+011 2.4383e+01 -2.5552e-04 Aeroelastic 7
-2.3211e+01+ 1.0317e+01i 2.5401e+01 9.1380e-01 Unsteady Aexro 4
-2.3211e+01- 1.0317e+01i 2.5401e+01 9.1380e-01 Unsteady Aero 5
8.4858e+00+ 2.8813e+011 3.0037e+01 -2.8251e-01 Unsteady Aero 6
8.4858e+00- 2.8813e+01i 3.0037e+01 -2.8251e-01 Noncausal Acceleration
-7.5645e+00+ 3.1676e+01li 3.2567e+01 2.3228e-01 Aeroelastic 9
-7.5645e+00- 3.1676e+011i 3.2567e+01 2.3228e-01 Aeroelastic 9
-3.9962e+00+ 3.5972e+011i 3.6193e+01 1.1041le-01 Aeroelastic 10
-3.9962e+00- 3.5972e+011 3.6193e+01 1.1041e-01 Aeroelastic 10
-1.5286e+00+ 3.8051le+011i 3.8082e+01 4.013%e-02 Aeroelastic 11
-1.5286e+00- 3.8051le+011i 3.8082e+01 4.0139e-02 Aeroelastic 11
-3.9071e+01+ 5.6219e+001i 3.9473e+01 9.898le-01 Unsteady Aero 7
-3.9071e+01- 5.6219e+00i1 3.9473e4+01 9.8981le-01 Unsteady Aexo 8
-4.0767e+01 4.0767e+01 1.0000e+00 Unsteady Aero 9
-4.5276e+00+ 4.3970e+011 4.4202e+01 1.0243e-01 Aeroelastic 13
-4.5276e+00- 4.3970e+01i 4.4202e+01 1.0243e-01 Aeroelastic 13
-1.0856e+00+ 4.8692e+011 4.8704e+01 2.2290e-02 Aeroelastic 12
-1.0856e+00- 4.8692e+011 4.8704e+01 2.2290e-02 Aeroelastic 12
-5.9652e-01+ 5.5121e+011 5.5125e+01 1.0821e-02 Aeroelastic 14
-5.9652e-01- 5.5121e+011 5.5125e+01 1.0821e-02 Aeroelastic 14
-1.3912e+00+ 5.6331e+011 5.6348e+01 2.468%e-02 Aercelastic 15
-1.3912e+00- 5.6331e+01i 5.6348e+01 2.468%e-02 Aeroelastic 15
-6.6529e-02+ 6.1180e+011 6.1180e+01 1.0874e-03 Aerocelastic 16
-6.6529e-02~ 6.1180e+011 6.1180e+01 1.0874e-03 Aeroelastic 16
-3.5584e+00+ 6.3113e+011 6.3213e+01 5.6292e-02 Aeroelastic 17
~-3.5584e+00- 6.3113e+011 6.3213e+01 5.6292e-02 Aeroelastic 17
-6.7604e+01 6.7604e+01 1.0000e+00 Unsteady Aero 10
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Taple 10. Zeros Of Léngley Appendix C Model For 2,115 in Pitch Rate To Elevator Channel
Gain = 1.0629e+04 rad/s/rad
Root Location (1/s) Freg. (rad/s) Damping (-) Description
0 0 -1.0000e+00 Long Period Remnant
-5.4398e-01 5.4398e-01 1.0000e+00 Tau Theta 2
-2.2173e+00 ~2.2173e+00 1.0000e+00 Unsteady Aero 1
-4.8276e+00 4.8276e+00 1.0000e+00 Unsteady Aero 2
3.4063e-01+ §5.7676e+00i 5.7776e+00 ~-5.8957e-02 Aeroelastic 1
3.4063e-01- 5.7676e+001i 5.7776e+Q0 -5.8957e-02 Aerocelastic 1
1.3975e+01 1.3975e+01 ~1.0000e+00 Aeroelastic 2
-1.1762e+01+ 8.5312e+001 1.4531e+01 8.0950e-01 Aeroelastic 2
-1.1762e+01- 8.5312e+001 1.4531e+01 8.0950e-01 Unsteady Aero 2
-6.4042e-01+ 1.6822e+011 1.6834e+01 3.8043e-02 Aeroelastic 4
-6.4042e-01- 1.6822e+011 " 1.6834e+01 3.8043e~02 Aeroelastic 4
1.3090e-02+ 1.6853e+011 1.6853e+01 -7.7670e-04 Aeroelastic 3
1.3090e-02- 1.6853e+011 1.6853e+01 -7.7670e-04 Aerocelastic 3
-9.0321e-02+ 1.9434e+011 1.9434e+Q1 4.6475e-03 Aercoelastic 5
-9.0321e-02- 1.9434e+011 1.9434e+01 4.6475e-03 Aerocelastic 5
4.2390e+00+ 1.9224e+01i 1.9686e+01 -2.1533e-01 Noncausal Rate
4.2390e+00- 1.9224e+011 1.9686e+01 -2.1533e-01 Noncausal Acceleration
-7.5631e-01+ 2.0772e+01i 2.0786e+01 3.6386e-02 Aeroelastic 7
-7.5631e-01- 2.0772e+011i 2.0786e+01 3.6386e-02 Aeroelastic 7
-2.1382e+01 2.1382e+01 1.0000e+00 Unsteady Aero 4
-2.4899%+00+ 2.2288e+01i 2.2427e+01 1.1102e-01 Aeroelastic 6
-2.4899e+00- 2.2288e+01i 2.2427e+01 1.1102e-01 Aeroelastic 6
-2.8239%e-01+ 2.5379e+011 2.5381e+01 1.1126e-02 Aeroelastic 8
-2.823%e-01- 2.5379%e+011 2.538le+01 1.1126e-02 Aeroelastic 8
-1.1680e+00+ 3.3313e+011i 3.3333e+01 3.5041le-02 Aerocelastic 10
-1.1680e+00- 3.3313e+011i 3.3333e+01 3.5041le-02 Aeroelastic 10
~3.3916e+01 3.3916e+01 1.0000e+00 Unsteady Aero 5
-7.3553e+00+ 3.4098e+01i 3.4882e+01 2.1086e-01 Aeroelastic 9
~7.3553e+00- 3.4098e+011 3.4882e+01 2.1086e-01 Aeroelastic 9
-3.4286e+01+ 1.1550e+011 3.6180e+01 9.4767e-01 Unsteady Aero 6
-3.4286e+01- 1.1550e+011 3.6180e+01 9.4767e-01 Unsteady Aero 7
~-3.8270e+01 3.8270e+01 1.0000e+00 Unsteady Aero 8
-1.0582e+00+ 3.8333e+01i 3.8347e+01 2.7595e-02 Aercelastic 11
-1.0582e+00~- 3.8333e+01i 3.8347e+01 2.7595e-02 Aeroelastic 11
-4.6407e+01 4.6407e+01 1.0000e+00 Unsteady Aero 9
-1.1995e+00+ 4.875l1e+01i 4.8766e+01 2.4597e-02 Aercelastic 12
-1.1995e+00- 4.8751e+01i 4.8766e+01 2.4597e-02 Aerocelastic 12
-1.6505e-01+ 5.4365e+01li 5.4365e+01 3.0360e-03 Aeroelastic 13
-1.6505e-01- 5.4365e+01i 5.4365e+01 3.0360e-03 Aeroelastic 13
-8.2232e-01+ 5.6449e+01i 5.6455e+01 1.4566e-02 Berocelastic 14
-8.2232e-01- 5.644%e+01i 5.6455e+01 1.4566e-02 Aeroelastic 14
-2.4569e-01+ 6.1336e+013i 6.1336e+01 4.0056e-03 RAeroelastic 16
-2.456%9e-01- 6.1336e+01i 6.1336e+01 4.0056e-03 Aeroelastic 16
-1.0850e+00+ 6.3509e+01i 6.3519e+01 1.7082e-02 Aeroelastic 15
-1.0850e+00- 6.3509e+01i 6.3519e+01 1.7082e-02 Aeroelastic 15
-8.1470e+00+ 6.5886e+01i 6.6388e+01 1.2272e-01 Aeroelastic 17
-8.1470e+00- 6.5886e+01i 6.6388e+01 1.2272e-01 Aeroelastic 17
-6.6991e+01 6.6991e+01 1.0000e+00 Unsteady Aero 10
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Table 11. Zeros Of Langley Appendix C Model For 2,525 in Pitch Rate To Elevator Channel
Gain = -2.1164e+04 rad/s/rad
Root Location (1/s) Freq. (rad/s) Damping (-) Description
0 0 -1.0000e+00 Long Period Remnant
-5.0748e-01 5.0748e-01 1.0000e+00 Tau Theta 2
-2.2193e+00 2.2193e+00 1.0000e+00 Unsteady Aero 1
-4.7833e+00 4.7833e+00 1.0000e+00 Unsteady Aero 2
2.0185e-01+ 4.814le+00i 4.8183e+00 -4.1893e-02 Aercelastic 1
2.0185e-01- 4.8141e+00i 4.8183e+00 -4.1893e-02 Aercelastic 1
-9,7248e-01+ 1.172%e+011 1.1769e+01 8.2631e-02 Aeroelastic 2
-9.7248e-01- 1.1729%e+01i 1.1769e+01 8.2631e-02 Aerocelastic 2
-1.8062e-04+ 1.6859%e+011 1.6859e+01 1.0714e-05 Aeroelastic 3
-1.8062e-04~ 1.6859%e+01i 1.6859e+01 1.0714e-05 Aeroelastic 3
-5.5810e-01+ 1.774%e+011 1.7758e+01 3.1428e-02 Aeroelastic 4
-5.5810e-01- 1.7749%e+011 1.7758e+01 3.1428e-02 Aeroelastic 4
-1.0054e-01+ 1.9400e+01i 1.9401e+01 5.1822e-03 Aeroelastic 5
-1.0054e-01- 1.9400e+011i 1.9401e+01 5.1822e-03 Aeroelastic 5
-1.5929%e+01+ 1.1237e+011i 1.9494e+01 8.1714e-01 Noncausal Rate
-1.5929e+01- 1.1237e+01i 1.9494e+01 8.1714e-01 Noncausal Acceleration
-1.9961e+01 1.9961le+01 1.0000e+00 Unsteady Aexro 3
-3.1350e+00+ 2.1292e+011 2.1522e+01 1.4567e~-01 Aeroelastic 6
-3.1350e+00- 2.1292e+01i 2.1522e+01 1.4567e-01 Aeroelastic 6
-3.7192e-01+ 2.3357e+01i 2.3360e+01 1.5921e-02 Aeroelastic 7
-3.7192e-01- 2.3357e+01i 2.3360e+01 1.5921e-02 Aeroelastic 7
2.4878e+01+ 1.1402e+011 2.7367e+01 -9.0907e-01 Unsteady Aero 4
2.4878e+01- 1.1402e+01i 2.7367e+01 -9.0907e-01 Unsteady Aero 5
-2.7865e+01 2.7865e+01 1.0000e+00 Unsteady Aero 6
-5.3162e-01+ 2.8026e+011 2.8031e+01 1.8965e-02 Aeroelastic 8
-5.3162e-01- 2.8026e+011 2.8031e+01 1.8965e-02 Aeroelastic 8
-5.2232e+00+ 3.3660e+01i 3.4063e+01 1.5334e-01 Aeroelastic 9
-5.2232e+00- 3.3660e+01i 3.4063e+01 1.5334e-01 Aercelastic 9
2.6002e+00+ 3.6483e+011 3.6576e+01 -7.1090e-02 Aeroelastic 10
2.6002e+00- 3.6483e+011 3.6576e+01 -7.1090e-02 Aeroelastic 10
-3.7682e+01 3.7682e+01 1.0000e+00 Unsteady Aero 7
-1.1017e+00+ 3.8228e+01i 3.8244e+01 2.8807e-02 Aeroelastic 11
-1.1017e+00- 3.8228e+01i 3.8244e+01 2.8807e-02 Aercelastic 11
-3.9698e+01+ 1.198le+01i 4.1466e+01 9.5735e-01 Unsteady Aero 8
-3.9698e+01- 1.1981le+01i 4.1466e+01 9.5735e-01 Unsteady Aero 9
-4.6578e-01+ 4.9887e+01i 4.9889%e+01 9.3363e-03 Aeroelastic 13
-4.6578e-01- 4.95887e+011i 4.988%e+01 9.3363e-03 Aeroelastic 13
2.4699e+00+ 5.1007e+011i 5.1066e+01 -4.8367e-02 Aeroelastic 12
2.4699e+00- 5.1007e+01i 5.1066e+01 ~4.8367e-02 Aeroelastic 12
-2.9587e+01+ 4.6609e+01i 5.5207e+01 5.3593e-01 Aercelastic 15
-2.9587e+01~- 4.6609%e+011 5.5207e+01 5.3593e-01 Aeroelastic 15
-2.6015e-01+ 5.5480e+011 5.5481le+01 4.6889%e-03 Aeroelastic 14
-2.6015e-01- 5.5480e+011i 5.5481le+01 4.6889%e-03 Aerocelastic 14
-1.5767e-01+ 6.1067e+011 6.1068e+01 2.5818e-03 Aeroelastic 16
-1.5767e-01- 6.1067e+011 6.1068e+01 2.5818e-03 Aeroelastic 16
-6.2815e+00+ 6.2538e+011i 6.2853e+01 9.9940e-02 Aeroelastic 17
-6.2815e+00- 6.2538e+011 6.2853e+01 9.9940e-02 Aeroelastic 17
-6.5238e+01 6.5238e+01 1.0000e+00 Unsteady Aero 10
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Table 12. Zeros Of Langley Appendix C Model For 3,157 in Pitch Rate To Elevator Channel

Gain = -1.7268e+06 rad/s/rad

Root Location (1/s) Freg. (rad/s) Damping (-) Description
0 0 -1.0000e+00 Long Period Remnant
-2.995%9e-01 2.9959%e-01 1.0000e+00 Tau Theta 2
-2.2299e+00 ) 2.2299e+00 1.0000e+00 Unsteady Aero 1
-4.6107e+00 4.6107e+00 1.0000e+00 Unsteady Aero 2
-2.5691e+00+ 4.4773e+00i 5.1620e+00 4.9769e-01 Aeroelastic 1
-2.5691e+00- 4.4773e+001 5.1620e+00 4.9769e-01 Aercelastic 1
3.0134e+00+ 4.2686e+001 5.2251e+00 -5.7671e-01 Aercelastic 2
3.0134e+00- 4.2686e+001 5.2251e+00 -5.7671e-01 Aeroelastic 2
9.7752e+00+ 9.9692e+001 1.3962e+01 -7.0012e-01 Noncausal Rate
9.7752e+00- 9.9692e+001 1.3962e+01 -7.0012e-01 Noncausal Acceleration
-2.1867e-04+ 1.6858e+01i 1.6858e+01 1.2971e-05 Aeroelastic 3
~2.1867e-04- 1.6858e+011 1.6858e+01 1.2971e-05 Aeroelastic 3
-1.5868e+01+ 5.9859e+00i1 1.6960e+01 9.3564e-01 Unsteady Aero 3
-1.5868e+01- 5.9859e+00i 1.6960e+01 9.3564e~01 Unsteady Aero 4
-5.4668e-01+ 1.7976e+011 1.7984e+01 3.0398e-02 Aerocelastic 4
-5.4668e-01- 1.7976e+011 1.7984e+01 3.0398e-02 Aercelastic 4
-1.8840e+01 1.8840e+01 1.0000e+00 Unsteady Aero 5
-2.0291e-01+ 1.9465e+01i 1.9466e+01 1.0424e-02 Aeroelastic 5§
-2.0291e-01- 1.9465e+01i 1.9466e+01 1.0424e~-02 Aercelastic 5
-3.1819%9e+00+ 2.0016e+01i 2.0267e+01 1.5700e-01 Aeroelastic 6
-3.1819e+00- 2.0016e+01i 2.0267e+01 1.5700e-01 Aercelastic 6
-9.2883e-01+ 2.3202e+01i 2.3221e+01 4.0000e-02 Aeroelastic 7
-9.2883e-01- 2.3202e+011i 2.3221e+01 4.0000e-02 Aeroelastic 7
-2.5133e+01 2.5133e+01 1.0000e+00 Unsteady Aero 6
-8.4607e-01+ 2.7478e+011 2.7491e+01 3.0776e-02 Aerocelastic 8
-8.4607e-01- 2.7478e+01i 2.7491e+01 3.0776e-02 Aeroelastic 8
~6.8184e-01+ 3.1296e+01i 3.1303e+01 2.1782e-02 Aercelastic 10
-6.8184e-01- 3.1296e+01i 3.1303e+01 2.1782e-02 Aeroelastic 10
-1.0021e+01+ 3.3156e+011i 3.4637e+01 2.8931e-01 RAeroelastic 9
-1.0021e+01- 3.3156e+01i 3.4637e+01 2.8931e-01 Aeroelastic 9
-3.6957e+01+ 1.4662e+001 3.6986e+01 9.9921e-01 Unsteady Aero 7
-3.6957e+01- 1.4662e+00i 3.6986e+01 9.9921e-01 Unsteady Aero 8
-1.3359e+00+ 3.7891e+01i 3.7915e+01 3.5234e-02 Aeroelastic 11
-1.3359e+00- 3.7891e+013 3.7915e+01 3.5234e-02 Aeroelastic 11
-4.3994e+00+ 4.2963e+01i 4.3187e+01 1.0187e-01 Aerocelastic 12
-4.3994e+00- 4.2963e+01i 4.3187e+01 1.0187e-01 Aerocelastic 12
-3.0716e-01+ 4,9059%e+011 4.9060e+01 6.2610e-03 Aerocelastic 13
-3.0716e-01- 4.9059%e+011 4.9060e+01 6.2610e-03 Aercelastic 13
-5.1854e+01 5.1854e+01 1.0000e+00 Unsteady Aero 9
1.0266e-01+ 5.3739%e+011i 5.3739%e+01 -1.9104e-03 Aeroelastic 14
1.0266e-01- 5.373%e+01i 5.373%e+01 -1.9104e-03 Aercelastic 14
~-4.4628e-01+ 5.5929e+01i 5.5931e+01 7.9791e-03 Aeroelastic 15
-4.4628e-01- 5.592%e+01i 5.5931e+01 7.9791e-03 Aeroelastic 15
~-2.9175e-02+ 6.1142e+01i 6.1142e+01 4.7718e-04 Aercelastic 16
~2.9175e-02- 6.1142e+014i 6.1142e+01 4.7718e-04 Aeroelastic 16
-4.2451e+00+ 6.3687e+01i 6.382%e+01 6.6508e-02 Aercelastic 17
-4.2451e+00- 6.3687e+011 6.3829%e+01 6.6508e-02 Aerocelastic 17
-7.6529e+01 7.6529e+01 1.0000e+00 Unsteady Aero 10

34




70 T T 1 L] : I

X ©
60 =
xXo P
2% ox | ]
Z X o :
230}t ° L
gso X
- >0:
20+ X0 o
x B ®
10} o <
0_8)(» ........ ;é ﬁ .....
-10 - - -4 -2 0
Real (1/s)
5 T 1 i !
4t -
3t ©
2} -
X
@ 1+ © X ° -
‘-; OfF------- e P ORD OEE CRoRES (o CERRTEE. Xmé..-
1] :
..E._1 L o X (o] i
X
21 .
3l -
4l -
_5 1 1 1 l
-60 -40

-20 0
Real (1/s) :

Figure 14. Pole-Zero Pattern Of Langley Appendix C Model
For 319 in Pitch Rate To Elevator Channel

35



70 .

x o |
60+ x
X0 o :
o z
/\40_ b
§ o) °ox
ET é
230' X h
T x©
20} X< o
xé(%
10F o AR
OF v 8)(» ........ é g .....
-10 -8 6 -4 0
Real (1/s)
5 ' ) T !
4t L
31 -
ot L
X
g 1r X . -
;0”0""")( ............ WO M 71 oy R XW“
© :
c
E Ll y n
b
-2t =
Y ]
4t ]
_5 1 x 1 l
-60 0

-40 -20
Real (1/s)

Figure 15. Pole-Zero Pattern Of Langley Appendix C Model
For 778 in Pitch Rate To Elevator Channel

36



70 T T T i L

o :
X ° o
60+ &
X oxo§
50+ o X
/\")\40‘ 7
";’ x © o
s 30t L
E XQE
20} X° oy
x & X
10+ D
X
;O
5 o) YT - S ;§ N .....
-10 -8 -6 -4 -2 0
Real (1/s)
5 k] T T !
4t .
3t -
2t L
X
— 1} X D
= :
; Oro X OO QK SOOI gx@ 4
© :
£ 41 % L
X
ot -
-3t i
4t _
_5 1 — 1 1
-60 -40 -20 0
Real (1/s)

Figure 16. Pole-Zero Pattern Of Langley Appendix C Model
For 2,115 in Pitch Rate To Elevator Channel

37



70

60

Imag (1/s)
W ‘N o
(@] o o

N
o

10

e

Imag (1/s)
o

i x % |
X )o
- xﬁ' .
X © :
! . -
_ x gt
x *
x X
i °
X :
go
Y 19 YOI IS SO ;g; x .....
0 - -6 -4 -2 0
Real (1/s)
] 1 T 6
L X D
_ox ............ x...)@xomx ......... gﬂg._
X
1 1 L .Q
-60 -40 -20 0
Real (1/s)

Figure 17. Pole-Zero Pattern Of Langley Appendix C Model

For 2,525 in Pitch Rate To Elevator Channel

38



70 1 U T 1 ;
X o} .
60+ >° -
X Qio
501 % ><3 .
o
2% oxX i
S") o X o
230~ oX b
o X:
20+ & o% T
ok
10+ T
X
o] :
X
OF - rorerrimmrree e - S TREIED R 9 O 4
1 il 1 Q1 i
-10 -8 - -4 -2 0
Real (1/s)
5 L] T ] !
4} 0 . ©
3} .
2t L
o %
_— 1 I~ X .
L 5
; OF--reo-3menn oINS VAN VULV QOO - ggé.._
© :
Eqf X Do
© %
-2 D
-3t ]
41 D
o: °©
_5 L 1 1 i
-60 -40 20 0

Real (1/s)

Figure 18. Pole-Zero Pattern Of Langley Appendix C Model
For 3,157 in Pitch Rate To Elevator Channel

39



Ph. (deg)

20

Mag. (rad/s/rad db)
o

-1000

-2000

10° 1
Freq. (rad/s)

1] 1 L1 1 g raal} L L x gl L axxaaal

10" 10° 10" 102
Freq. (rad/s)

Figure 19. Frequency Response Of Langley Appendix C Model
For 319 in Pitch Rate To Elevator Channel

40



Ph. (deg)

N
o

Mag. (rad/s/rad db)
S o

-1000

-2000

10

10™ 10° 10'
Freq. (rad/s)

gaal " R RS |

10 10° 10’ 10° 10°
Freq. (rad/s)
Figure 20. Frequency Response Of Langley Appendix C Model

For 778 in Pitch Rate To Elevator Channel

41



Ph. (deg)

N
o
T

Mag. (rad/s/rad db)
o

-20 -
-40 X -
102 10" 10° 10’ 102 10°
Freq. (rad/s)

O | I ] ] I N
-1000} -
-2000F -

RIS | x P SR | 1 Lo o1 2334} 4 i 1.xzxz2xal 1 Lo 1 a3

102 107! 10° o' 10? 10°

1
Freq. (rad/s)

Figure 21. Frequency Response Of Langley Appendix C Model
For 2,115 in Pitch Rate To Elevator Channel

42



Ph. (deg)

8
o] 20 B -3
©
3 Of ]
©
2-20F .
b=

_40 a gl 111l 11 aal 11at P L1

102 10 10° 10" 10° 10°
Freq. (rad/s)

O N T T T — T T _,
-1000} -
-2000} i

2aaxl L s eaaaad &3 a1 112 11l 13
102 10" 0° 10' 102 10°

Freq. (rad/s)

Figure 22. Frequency Response Of Langley Appendix C Model
For 2,525 in Pitch Rate To Elevator Channel

43



Ph. (deg)

o
(@]

20

Mag. (rad/s/rad db)

-1000

-2000

10° 10
Freq. (rad/s)

1aal I i r el 1 ooty xxal 1

1 Ll
10" 10° 10 10
Freq. (rad/s)
Figure 23. Frequency Response Of Langley Appendix C Model

For 3,157 in Pitch Rate To Elevator Channel



Examination of the poles in Tabs. 1 and 7 rfor the Boeing and Langley models reveals very
good agreement, considering that one model does not have explicit unsteady aerodynamic states
and the other model does. Aeroelastic pole numerical values match up well, with some departure
beyond 40 rad/s noted. One conclusion that can be drawn from this observation is that the "A"
matrix development, and hence the stability derivative computations can be looked upon with
confidence. This result is a significant milestone in the model validation process and should not be
takeh lightly. Similar conclusions can not be reached, however, for the transfer function
numerators.

Consider the frequency response plots for the 2,115 in rate gyro location in Figs. 11 and
21. The magnitude and phase curves are not similar belqw 0.1 rad/s. However, this difference
can be attributed to the lack of a forward spéed degree of freedom in the Langley model. In the 0.1
to 5 rad/s frequency region the frequency response curves have accéptable correlation. The
magnitude and phase shapes are not at all alike in the aeroelastic frequency range, beyond 5 rad/s.
Fig. 11 indicates virtually no aeroelastic activity in the Boeing model, Whereas the Langley model
displays severe aeroelastic motions. Further, the average attenuation characteristics are different.
The aeroelastic zeros in the two transfer functions are fundamentally different, or the state space
"B" and "C" matrices are in disagreement.

Factors which influence pitch rate to elevator numerator characteristics, other than stability
derivatives, include the unsteady aerodynamic modeling differences, mode shapes/slopes at the
elevator and rate gyro locations, and the control derivatives. In particular, control derivatives
associated with the aeroelastic modes since the frequency responses agree within the 0.1 to 5 rad/s
rigid-body frequency range. These factors are candidate sources of the model mismatch and are
discussed below.

Recall the Boeing model has no explicit unsteady aerodynamic states where as the Langley
model does. Careful examination of Tab. 10 reveals each real unsteady aerodynamic pole has an
associated zero (not necessarily real) in rough proximity. One can reasonably conclude that the

significant model differences are not driven by the explicit unsteady aerodynamic poles and
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associated zeros. However, a significant difference due to the unsteady aerodynamic model does
exist. Note that the noncausal inputs in Eq. (1.1) lead to a pair of zeros in each pitch rate transfer
function. These noncausal zeros are primarily, but not completely, determined by the quadratic
term B"s2+B's+B. The third order actuétor returns the familiar rate-to-force attenuation
characteristics. In the Boeing model, these zeros are located well beyond the frequency region of
interest, as expected if the B' and B" matrices are small. Therefore, the actuator poles attenuate
well before the noncausal zeros amplify. Such is not the case with the Langley model. With some
uncertainty as to the labeling of the zeros, the noncausal zeros fall within the frequency range of
interest. In fact, the zeros are well inside the actuator bandwidth. The noncausal zeros amplify
before the actuator poles attenuate. The noncausal terms B' and B" are thus the source of the
attenuation differences between the two models.

The differences in the amount of aeroelastic dynamics superimposed upon the average
attenuation is another issue. By deductive reasoning, the probable source of this mismatch feature
lies with either the mode shapes/slopes or aeroelastic control derivatives. The aeroelastic control
derivative FiSE is a function of the Aaerodynamic characteristics at each structural node due to

elevator deflections c; o> s well as the mode shape ¢; and mode mass s, or

. zi:fhgi‘bi CisE (18

Comparison of model differences at this level is beyond the scope of the limited data made
available to the contractors, and will not be pursued further. However, since measured pitch rate is
the response of interest here, the mode slopes can be compared quite easily. The pitch rate is given
by

Gxs = 4= 2 01, (1.9)
Note the nonzero elements of the state space "C" matrix (except for the element associated with Q)
correspond to the negative of the mode slopes evaluated at the sensor location. Direct comparison
between the mode slope values does not lead to a match. No match could be achieved with scaling

either. With these facts laid out, it is reasonably safe to conclude that at least some of the
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"aeroelastic" model mismatch is due to computation of the mode slope values, integration of the
mode slopes into the dynamic model, or different modal data sets. Further conclusions can not be
drawn until the modal/aeroelastic control derivative data from both modeling sources and how they
are generated and used is compared one for one. The major implication here is that, at this time in
the HSCT program, any and all dynamic aeroelastic models should be used with caution.

Based upon the contractor's experience with other aeroelastic models of large, high-speed
vehicles (B-1, SCRA), the Appendix B and C models have several peculiar characteristics.
Concerning the Boeing model, it is rather unrealistic to expect, with a highly elastic vehicle, all
aeroelastic modes have coincident anti-nodes at 2,115 in. In other words, lessening of aeroelastic
contamination in the feedback signal by careful sensor placement has taken care of all 15 modes
(see Figs. 6 and 11). Also note in Figs. 4-8 that nonminimum phase aeroelastic zeros rarely occur
for drastic changes in the sensor location. Especially note the 18! aeroelastic zeros become
nonminimum phase for aft sensor locations. This behavior violates the "physics" of a 18t fuselage
bending mode shape. Finally observe how the 18t aeroelastic zeros migrate horizontally, rather
than vertically, as the sensor is moved from fore to aft. This behavior is atypical.8:10

Now focusing on the Langley model, attenuation c;haracteristics of the magnitude frequency
response in Fig. 21 are quite puzzling. Typically with aeroelastic models, attenuation
characteristics are a gradual (-20 db/dec) roll off due to the fundamental rigid-body physics of rate-
to-force transfers with aeroelastic peaks and troughs superimposed, not necessarily small. Here,
the -20 db/dec attenuation behavior is missing in the 10 to 100 rad/s frequency range, and it has
been traced to the noncausal zeros. This behavior leads to enormous aeroelastic peaks. Further,
this model corresponds to mass case MS. Trend studies have revealed that the M5 data set is a

"+30 data point,” going against the data set trends.!”
C. Cycle 1 Simulation/ISAC Aggregate Model

Despite these modeling concerns, one model made available to the contractor was deemed

sufficiently accurate for use in control design studies. Appendix D contains the description of this
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Langley generated model. Disturbing features similar to those associated with the Appendix B and
C models are not present. Qualitative characteristics are consistent with other large, elastic, high-
speed vehicles the contractors have experience with.

The one feature lacking in the original model is the missing forward speed degree of
freedom. Before moving ahead with control design studies, it was considered prudent to include
this degree of freedom, especially since the rigid-body modes are expected to be atypical, i.e.,
relaxed static stability with the unstable real axis mode significantly participating in the forward
speed degree of freedom.

Therefore, an aggregate model was constructed using the original ISAC model augmented
with the missing u stability derivatives computed from th_e rigid-body Cycle 1 Simulation data

base.16 The state space "A" and "B" matrices for a rigid aircraft are

, [ ]
(Xu Xy Xy ~cos(©)G X5E "'XSTEi"'
Az Zy Z,, U+Zg —sin(©)G  B= ZBE ~Lrgy (1.10)
0 O ] O O ...0... J

The missing terms include X, X,,, Xq, -cos(0)G, X5E, XSTEi’ Z,, and M,,. Tables 13 and 14

list the numerical values for the Cycle 1 Simulation model and a rigidized (residualized) ISAC
model. Note the very good agreement between the stability and control derivatives associated with
the w and 6 degrees of freedom. This accuracy raises confidence in the aggregate model in
Appendix D.

Table 15 lists the poles of the airframe-actﬁator model. At this low-speed, low-altitude
coﬁdition, the HSCT inherent pitch instability is clearly préscht. Rigid-body modes consist of the
so called third oscillatory mode and two real axis modes, one fast and stable, the other slow and
unstable. Aeroelastic mode frequencies include the 15t and 224 mode values at 7.7 and 12.8 rad/s
all the way up to a value of 65.1 rad/s for the 17th mode with unsteady aerodynamic modes
throughout this frequency range. Unsteady aerodynamic modes have reciprocal time constants
ranging from 0.64 to 29.4 1/s. Damping ratios for the aeroelastic modes are again extremely light,

as expected.
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Tables 16 and 17 contain the gains and zeros for measured pitch rate to elevator transfer
functions at two key locations along the fuselage centerline, 1,850 and 2,500 in. These positions
correspond to the anti-nodes of the 15t and 3td aeroelastic modes. Note the 15! aeroelastic zeros are
virtually at the same location in the complex plane as the 1 aeroelastic poles for the rate gyro
located at 1,850 in. For 2,500 in, this feature can be said for the 3rd mode, as well as for modes 2
aﬁd 4-7. Figs. 24-27 show the corresponding pole/zero patterns graphically, as well as the
frequency responses. In Figs. 26-27, observe the 15t and 3ud aeroelastic modes being

activated/deactivated by the sensor placement. Finally, these trends can be correlated with the

structural vibration mode shapes for the fuselage centerline shown in Fig. 28. X, and zg denote

typical structural axes with x, pointing aft, z; pointing up, and origin located at the nose.
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Table 13. Rigid A Matrix Elements For Cycle 1 Simulation Model

And Langley Appendix D Model

Element {unit) Cycle 1 Simulation "Rigid" Langley App D

Xu (1/s) 5.9488e-04 X

Xw (1/s) 2.1308e-02 X

Xg (ft/s) -4.1438e+01 X

Zu (1/s) -1.4249e-01 X

Zw (1/s) -6.1833e-01 -4.8406e-01

U+Zg (ft/s) 2.3746e+02 2.4120e+02

Mu (1/ft s) |-1.5018e-04 X

Mw (1/ft s) 8.0241e-04 2.5688e-05

Mg (1/s) -2.6115e-01 -9.8561e-02

-cos(@)G (ft/s”2) 1 -3.1782e+01 X

-sin(0)G (ft/s"2) | -5.0058e+00 0

Table 14. Rigid B Matrix Elements For Cycle 1 Simulation Model

And Langley Appendix D Model

Element (unit) Cycle 1 Simulation "Rigid" Langley App D

XOE (ft/s”2) | -4.2796e-01 X

X3TEL (ft/s”2) 2.8499%e-01 X

XOTE2 (ft/s"2) 5.2052e-01 X

X3TE3 (ft/s"2) 1.9609e+00 X

XOTE4 (ft/s"2) 1.1745e+00 X

Z3E (ft/s"2) | -6.2738e+00 -7.1797e+00

ZSTE1L (ft/s72) | -1.1006e+01 -8.6090e+00

Z3TE2 (ft/s"2) | -1.0385e+01 -9.4398e+00

ZOTE3 (f£/s72) | -1.1537e+01 -1.1421e+01

ZOTE4 (ft/s”2) | -6.8446e+00 -8.3454e+00

MSE (1/872) -1.7116e-01 -1.964%e-01

MSTE1 (1/8°2) 1.7074e-02 -4.7314e-04

MSTE2 (1/s72) -1.7297e-02 -3.7642e-02

MSTE3 (1/s72) -5.1701e-02 -6.7087e-02

MOTE4 (1/s72) -2.2460e-02 -6.5308e-02

50




Table 15. Poles Of Langley Appendix D Model

Root Location {1/s) Freq. {rad/s) Damping {-) Description
1.3391e-01 1.3391e-01 -1.0000e+00 Slow
-9.6820e-02+ 1.2764e-011 1.6021e-01 6.0435e-01 Mid Period (3rd Osc)
~9.6820e-02- 1.2764e-01i 1.6021e-01 6.0435e-01 Mid Period (3rd Osc)
-6.4296e-01 6.4296e-01 1.0000e+00 Fast
-7.4206e-01 7.4206e-01 1.0000e+00 Unsteady Aero 1
-1.3593e+00 1.3593e+00 1.0000e+00 Unsteady Aero 2
-4.2575e+00 4.2575e+00 1.0000e+00 Unsteady Aero 3
-2.6896e-01+ 7.7327e+00i 7.7373e+00 3.4761e-02 Aeroelastic 1
-2.6896e-01- 7.7327e+001 7.7373e+00 3.4761e-02 Aeroelastic 1
-8.3151e+00 8.3151e+00 1.0000e+00 Unsteady Aero 4
-5.3206e+00+ 3.1314e-01i 9.3258e+00 9.9944e-01 Unsteady Aero 5
-9.3206e+00- 3.1314e-011i 9.3258e+00 9.9944e-01 Unsteady Aero 6
-1.1153e+01 1.1153e+01 1.0000e+00 Unsteady Aexo 7
~7.3473e-01+ 1.2797e+011i 1.2818e+01 5.7322e-02 Aeroelastic 2
-7.3473e-01- 1.2797e+011i 1.2818e+01 5.7322e-02 Reroelastic 2
-1.3489e+01 1.348%e+01 1.0000e+00 Unsteady Aero 8
-1.0793e+00+ 1.6939e+01i 1.6973e+01 6.358%e-02 Aeroelastic 3
-1.0793e+00- 1.693%9e+01i 1.6973e+01 6.358%e-02 Aeroelastic 3
-1.8737e-01+ 1.7264e+011 1.7265e+01 1.0852e-02 Aercelastic 4
-1.8737e-01- 1.7264e+01i 1.7265e+01 1.0852e-02 Aeroelastic 4
-1.8328e+01 1.8328e+01 1.0000e+00 Unsteady Aero 9
-3.1011e-01+ 1.9562e+011i 1.9565e+01 1.5850e-02 Aeroelastic 5
-3.1011e-01- 1.9562e+011i 1.9565e+01 1.5850e-02 Aeroelastic 5
-2.0000e+01 2.0000e+01 1.0000e+00 Trail Edge 1 Actuator
~2.6467e-01+ 2.0843e+01i 2.0845e+01 1.2697e-02 Aeroelastic 6
-2.6467e-01- 2.0843e+01i 2.0845e+01 1.2697e-02 Aeroelastic 6
-2.1000e+01 2.1000e+01 1.0000e+00 Trail Edge 2 Actuator
-2.2000e+01 2.2000e+01 1.0000e+00 Elevator Actuator
-2.3000e+01 2.3000e+01 1.0000e+00 Trail Edge 3 Actuator
-2.4000e+01 2.4000e+01 1.0000e+00 Trail Edge 4 Actuator
-2.9903e-01+ 2.4280e+011 2.4282e+01 1.2315e-02 | rercelastic 7
-2.9903e-01- 2.4280e+01i 2.4282e+01 1.2315e-02 Aeroelastic 7
-1.9528e+00+ 2.9249%e+011i 2.9314e+01 6.6617e-02 Aeroelastic 8
-1.9528e+00- 2.9249%e+011i 2.9314e+01 6.6617e-02 Aeroelastic 8
-2.9351e+01 2.9351e+01 1.0000e+00 Unsteady Aero 10
-3.3864e-01+ 3.5663e+01i 3.5665e+01 9.4951e-03 Aeroelastic 9
-3.3864e-01- 3.5663e+011 3.5665e+01 9.4951e-03 Aeroelastic 9
-9.1256e-01+ 4.2395e+011 4.2405e+01 2.1520e-02 Aeroelastic 10
-9.1256e-01- 4.2395e+01i 4.2405e+01 2.1520e-02 Aeroelastic 10
-6.9046e-01+ 4.6607e+011 4.6612e+01 1.4813e-02 Aeroelastic 11
-6.9046e-01- 4.6607e+011 4.6612e+01 1.4813e-02 Aeroelastic 11
-9.0145e-01+ 5.3632e+011 5.3640e+01 1.6806e~02 Aeroelastic 12
-9.0145e-01- 5.3632e+011i 5.3640e+01 1.6806e-02 Aeroelastic 12
-7.4028e-01+ 5.6048e+011 5.6053e+01 1.3207e-02 Aeroelastic 13
-7.4028e-01- 5.6048e+01i 5.6053e+01 1.3207e-02 Aercelastic 13
-8.8230e-01+ 6.0403e+011 6.0410e+01 1.4605e-02 Aeroelastic 14
-8.8230e-01- 6.0403e+011 6.0410e+01 1.4605e-02 Aeroelastic 14
-3.2257e+00+ 6.1401e+011 6.1486e+01 5.2462e-02 Aeroelastic 15
-3.2257e+00- 6.1401e+011 6.1486e+01 5.2462e-02 Aeroelastic 15
-8.4985e-01+ 6.2380e+011i 6.2386e+01 1.3622e-02 Aeroelastic 16
-8.4985e-01- 6.2380e+011 6.2386e+01 1.3622e-02 Aeroelastic 16
-7.2286e-01+ 6.5084e+01i 6.5088e+01 | 1.1106e-02 Aeroelastic 17
-7.2286e-01- 6.5084e+011 6.5088e+01 1.1106e-02 Aeroelastic 17
-1.4140e+02+ 1.4144e+021 2.0000e+02 7.0710e-01 Trail Edge 1 Actuator
-1.4140e+02~ 1.4144e+021 2.0000e+02 7.0710e-01 Trail Edge 1 Actuator
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Table 15. Continued

Root Location (1/s) Freg. (rad/s) Damping (-) Description
-1.4845e+02+ 1.4854e+02i 2.1000e+02 7.0710e-01 ] Trail Edge 2 Actuator
-1.4845e+02~- 1.4854e+02i 2.1000e+02 7.0710e-01 Trail Edge 2 Actuator
~1.5555e+02+ 1.5558e+02i 2.2000e+02 7.0710e-01 Elevator Actuator
~1.5555e+02- 1.5558e+021 2.2000e+02 7.0710e-01 Elevator Actuator
-1.6265e+02+ 1.6261e+02i 2.3000e+02 7.0710e-01 Trail Edge 3 Actuator
-1.6265e+02- 1.6261le+021 2.3000e+02 7.0710e-01 Trail Edge 3 Actuator
-1.697O§+02+771.6971e+02i 2.4000e+02 7.0710e-01 J Trail Edge 4 Actuator
~1.6970e+02- 1.6971e+02i1 2.4000e+02 7.071%e-01 Trail Edge 4 Actuator
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Table 16.

Zeros Of Langley Appendix D Model For 1,850 in Pitch Rate To Elevator Channel

Gain = 2.5580e+01 rad/s/rad

Freqg. (rad/s)

Root Location (1/s) Damping (-) Description

0 0 -1.0000e+00 Pitch "Rate"
-5.4727e-03 5.4727e-03 1.0000e+00 Tau Theta 1
-4.6146e-01 4.6146e-01 1.0000e+00 Tau Theta 2
-7.2514e-01 7.2514e-01 1.0000e+00 Unsteady Aero 1
-1.3603e+00 1.3603e+00 1.0000e+00 Unsteady Aero 2
-4.3256e+00 4.3256e+00 1.0000e+00 Unsteady Aero 3
-7.3652e+00 7.3652e+00 1.0000e+00 Unsteady Aero 4
-8.9169%e-02+ 7.5482e+001 7.5488e+00 1.1812e-02 Aerocelastic 1
-8.9169%9e-02- 7.5482e+00i 7.5488e+00 1.1812e-02 Aeroelastic 1
-8.5780e+00 8.5780e+00 1.0000e+00 Unsteady Aero 5
-9.5036e+00 9.5036e+00 1.0000e+00 Unsteady Aero 6
-1.1117e+01 1.1117e+01 1.0000e+00 Unsteady Aero 7
-1.1891e+00+ 1.3929e+011 1.3980e+01 8.5061e-02 Aeroelastic 2
-1.1891e+00- 1.3929e+01i 1.3980e+01 8.5061e-02 Aeroelastic 2
-1.4660e+01 1.4660e+01 1.0000e+00 Unsteady Aero 8
-1.7234e-01+ 1.7263e+011 1.7263e+01 9.9827e-03 Aerocelastic 4
-1.7234e-01- 1.7263e+011 1.7263e+01 9.9827e-03 Aercelastic 4
-7.0980e-01+ 1.8793e+011 1.8806e+01 3.7743e-02 Aeroelastic 5
~-7.0980e-01- 1.8793e+01i 1.8806e+01 3.7743e-02 Aeroelastic 5
-1.4522e+01+ 1.1952e+011 1.8808e+01 7.7213e-01 Unsteady Aero 9
-1.4522e+01- 1.1952e+011 1.8808e+01 7.7213e-01 Aeroelastic 3
1.9553e+01 1.9553e+01 -1.0000e+00 Aeroelastic 3
-2.0266e-01+ 1.9689%e+011 1.9690e+01 1.0293e-02 Aeroelastic 6
-2.0266e-01- 1.9689%e+011i 1.9690e+01 1.0293e-02 Aeroelastic 6
-2.0012e+01 2.0012e+01 1.0000e+00 Unsteady Aero 10
-2.0000e+01 2.0000e+01 1.0000e+00 Trail Edge 1 Actuator
-2.1000e+01 2.1000e+01 1.0000e+00 Trail Edge 2 Actuator
-2.3000e+01 2.3000e+01 1.0000e+00 Trail Edge 3 Actuator
-2.4000e+01 2.4000e+01 1.0000e+00 Trail Edge 4 Actuator
-3.0156e-01+ 2.4428e+011 2.4431e+01 1.2344e-02 Aeroelastic 7
-3.0156e-01- 2.442%e+01i 2.4431e+01 1.2344e-02 Aeroelastic 7
-1.9915e-01+ 3.0671e+011i 3.0671e+01 6.4931e-03 Aeroelastic 8
-1.9915e-01- 3.0671le+01i 3.0671e+01 6.4931e-03 Aeroelastic 8§
-4.8083e-01+ 4.0999%e+01i 4.1002e+01 1.1727e-02 Aeroelastic 10
-4.8083e-01- 4.089%e+011i 4.1002e+01 1.1727e-02 Aeroelastic 10
1.0673e+01+ 4.396%9e+011 4.5246e+01 -2.3590e-01 Aeroelastic 11
1.0673e+01- 4.396%e+01i 4.5246e+01 -2.3590e-01 Aerocelastic 11
~3.9908e+01+ 2.2893e+01i 4.6008e+01 8.6742e-01 Aeroelastic 9
-3.9908e+01- 2.2893e+01i 4.6008e+01 8.6742e-01 Aeroelastic 9
-6.3404e+00+ 4.6931e+01i 4.7358e+01 1.3388e-01 Aeroelastic 12
-6.3404e+00- 4.6931e+011 4.7358e+01 1.3388e-01 Aeroelastic 12
-7.2607e-01+ 5.6473e+011i 5.6478e+01 1.2856e-02 Aeroelastic 13
-7.2607e-01- 5.6473e+011i 5.6478e+01 1.2856e-02 Aeroelastic 13
-5.5008e-01+ 5.8838e+011i 5.8840e+01 9.3487e-03 Aeroelastic 14
-5.5008e-01- 5.8838e+011 5.8840e+01 - 9.3487e-03 Aeroelastic 14
-3.6642e+00+ 6.1143e+011 6.1253e+01 5.9821e~-02 Aeroelastic 15
-3.6642e+00- 6.1143e+011 6.1253e+01 5.9821e-02 Aeroelastic 15
-8.5473e-01+ 6.2321e+011 6.2327e+01 1.3714e-02 Aeroelastic 16
-8.5473e-01- 6.2321e+011 6.2327e+01 1.3714e-02 Aeroelastic 16
-1.4712e+00+ 6.7569e+011 6.7585e+01 2.1768e-02 Aeroelastic 17 .
-1.4712e+00- 6.7569e+011 6.7585e+01 2.1768e-02 Aeroelastic 17
4.0164e+01+ 7.9640e+011 8.9194e+01 -4.5030e-01 Noncausal Rate
4.0164e+01- 7.9640e+011i 8.9194e+01 ~4.5030e-01 Noncausal Acceleration
-1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01 Trail Edge 1 Actuator
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Table 16. Continued

Root Location (1l/s) Freg. (rad/s) Damping {(-) Description

-1.4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01 ] Trail E%eil Actuator
-1.484%e+02+ 1.484%e+02i 2.1000e+02 7.0710e-01 Trail Edge 2 Actuator
-1.4849%e+02- 1.4849e+02i 2.1000e+02 7.0710e-01 Trail Edge 2 Actuator
~1.6263e+02+ 1.6263e+021 2.3000e+02 7.0710e-01 Trail Edge 3 Actuator
-1.6263e+02- 1.6263e+021 2.3000e+02 7.0710e-01 Trail Edge 3 Actuator
-1.6970e+02+ 1.6970e+02i 2.4000e+02 7.0710e-01 Trail Edge 4 Actuator
-1.6970e+02- 1.6970e+021 2.4000e+02 7.0710e-01 Trail Edge 4 Actuator
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Table 17. Zeros Of Langley Appendix D Model For 2,500 in Pitch Rate To Elevator Channel

Gain = 2.6427e+02 rad/s/rad

Root Location (1/s) Freq. {rad/s) Damping (-} Description
0 0 -1.0000e+00 Pitch "Rate"

-6.2261e-03 6.2261e-03 1.0000e+00 Tau Theta 1
-4.5351e-01 4.5351e-01 1.0000e+00 Tau Theta 2
-7.2021e-01 7.2021e-01 1.0000e+00 Unsteady Aero 1
-1.3600e+00 1.3600e+00 1.0000e+00 Unsteady Aero 2
-4.2576e+00 4.2576e+00 1.0000e+00 Unsteady Aero 3
-1.5720e-01+ 5.0101e+00i 5.0125e+00 3.1362e-02 Aerocelastic 1
-1.5720e-01- 5.0101e+001 5.0125e+00 3.1362e-02 Aercelastic 1
-8.2077e+00+ 2.0126e-01i 8.2102e+00 9.9970e-01 Unsteady Aero 4
-8.2077e+00- 2.0126e-01i 8.2102e+00 9.9970e-01 Unsteady Aero 5
-1.0345e+01 1.0345e+01 1.0000e+00 Unsteady Aero 6
-1.1254e+01 1.1254e+01 1.0000e+00 Unsteady Aero 7
-6.6200e-01+ 1.2910e+01i 1.2927e+01 5.1211e-02 Aeroelastic 2
-6.6200e-01- 1.2910e+01i 1.2927e+01 5.1211e-02 Aeroelastic 2
-1.3746e+01 1.3746e+01 1.0000e+00 Unsteady Aero 8
-9.8399%9e-01+ 1.6972e+01i 1.7000e+01 '5.7882e-02 Aeroelastic 3
-9.8399e-01- 1.6972e+01i 1.7000e+01 5.7882e-02 Aeroelastic 3
-1.9122e-01+ 1.7265e+011 1.7266e+01 1.1075e-02 Aeroelastic 4
-1.9122e-01- 1.7265e+011i 1.7266e+01 1.1075e-02 Aeroelastic 4
-1.7938e+01 1.7938e+01 1.0000e+00 Unsteady Aero 9
-3.1371e-01+ 1.9548e+011i 1.9550e+01 1.6046e-02 Aeroelastic 5
-3.1371e-01- 1.9548e+011i 1.9550e+01 1.6046e-02 Aeroelastic S
-2.0000e+01 2.0000e+01 1.0000e+00 Trail Edge 1 Actuator
-2.0950e-01+ 2.0693e+011 2.0694e+01 1.0124e-02 Aeroelastic 6
-2.0950e-01- 2.0693e+01i 2.0694e+01 1.0124e-02 Aeroelastic 6
-2.1000e+01 i 2.1000e+01 71.Q000e+00 Trail Edge 2 Actuator
~2.3000e+01 2.3000e+01 1.0000e+00 Trail Edge 3 Actuator
-2.4000e+01 2.4000e+01 1.0000e+00 Trail Edge 4 Actuator
-2.9619%9e-01+ 2.4319e+01i 2.4321e+01 1.2178e-02 Reroelastic 7
-2.9619e-01- 2.4319e+01i 2.4321e+01 1.2178e-02 Aeroelastic 7

2.7297e+01 2.7297e+01 -1.0000e+00 Aeroelastic 8
-2.3867e+01+ 1.7217e+01i 2.9429%e+01 8.1100e-01 Aercelastic 8
-2.3867e+01- 1.7217e+01i1 2.9429e+01 8.1100e-01 Unsteady Aero 10
-2.0004e-02+ 3.6076e+011 3.6076e+01 5.5450e-04 Aeroelastic 9
-2.0004e-02- 3.6076e+011i 3.6076e+01 5.5450e-04 Aeroelastic 9
-4.2886e+01+ 1.1462e+011 4.4392e+01 9.6609e-01 Noncausal Rate .
-4.2886e+01- 1.1462e+01i 4.4392e+01 9.660%e-01 Noncausal Acceleration
-8.448%e-01+ 4.4456e+011 4.4464e+01 1.9002e-02 Aeroelastic 10
-8.4489e-01- 4.4456e+01i 4.4464e+01 1.9002e-02 Aeroelastic 10
7.6615e+00+ 4.7419e+01i 4.8034e+01 -1.5950e-01 Aeroelastic 12
7.6615e+00- 4.741%9e+011 4.8034e+01 -1.5950e-01 Aeroelastic 12
~6.8888e+00+ 5.1597e+011 5.2055e+01 1.3234e-01 Aeroelastic 11
-6.8888e+00- 5.1597e+01i 5.2055e+01 1.3234e-01 Aeroelastic 11
-6.7375e-01+ 5.5338e+01i1 5.5343e+01 1.2174e-02 Aeroelastic 13
-6.7375e-01- 5.5338e+011 5.5343e+01 1.2174e-02 Aeroelastic 13
-1.0367e+00+ 5.8612e+011 5.8621le+01 1.7685e~-02 Aerocelastic 14
-1.0367e+00- 5.8612e+01i 5.8621le+01 1.7685e-02 Aeroelastic 14
-3.5283e+00+ 6.1399%e+01i 6.1500e+01 5.7371e-02 Aeroelastic 15
-3.5283e+00- 6.1399e+01i 6.1500e+01 5.7371e-02 Aeroelastic 15
-8.4270e-01+ 6.2356e+01i 6.2362e+01 ~1.3513e-02 Aeroelastic 16
-8.4270e-01- 6.2356e+01i. 6.2362e+01 1.3513e-02 Aeroelastic 16
-6.5371e-01+ 6.5084e+01i 6.5088e+01 1.0044e-02 Aeroelastic 17
-6.5371e-01- 6.5084e+01i 6.5088e+01 1.0044e-02 Aeroelastic 17
-1.4142e+02+ 1.4142e+021 2.0000e+02 7.0710e-01 Trail Edge 1 Actuator
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Table. 17 Continued

Root Location {1/s) Fregq. {(rad/s) Damping (-) Description

-1.4142e+02~ 1.4142e+02i 2.0000e+02 7.0710e-01 Trail Edge 1 Actuator
-1.484%e+02+ 1.4849e+02i 2.1000e+02 7.0710e-01 Trail Edge 2 Actuator
-1.4848e+02- 1.4849e+02i 2.1000e+02 7.0710e-01 Trail Edge 2 Actuator
~1.6263e+02+ 1.6263e+02i 2.3000e+02 7.0710e-01 Trail Edge 3 Actuator
-1.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01 Trail Edge 3 Actuator
-1.6970e+02+ 1.6970e+02i 2.4000e+02 7.0710e-01 Trail Edge 4 Actuator
-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01 Trail Edge 4 Actuator’
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Section III
Application of Previous Design Milestones to HSCT

A. Single-Sensor/Single-Surface Design With Forward Sensor

The objectives of the inner loop flight control system (FCS) are to 1) artificial supply the
stability inherently lacking in thg airframe, 2) augment the key pilot/passenger centered responses
with crisp, well damped behavior according to the relevant flying quality metrics, and 3) suppress
aeroelastic motions in the responses. If the above objectives can be accomplished with minimal
FCS architecture, then burdens associated with implementation of multiply redundant channels
requiring scheduling with flight condition and modifica.tion during test and development are
lessened, and reliability/maintainability is enhanced. The feasibility of achieving these goals with a
Single-Sensor/Single-Surface (SS/SS) inner loop arrangement are addressed next.

Consider the block diagram in Fig. 29 where K(s), A(s) and G(s) denote the transfer
functions of the compensation, actuator, and vehicle for the SS/SS inner loop. Elevator deflection
will serve as the control input, and measured pitch rate is selected as the feedback signal. Pitch rate
has been an effective feedback signal for stability augmentation systems, and this effectiveness is
true here as well. Examination of the pitch rate-to-elevator pole/zero pattern for a relaxed static

stability flight vehicle reveals that proportional plus integral feedback of pitch rate, or
K(s) =—— (3.1)

results in 1) stabilization by driving the real axis slow and fast poles into the 1g; and tg, zeros and
2) augmentation by moving the mid period roots such that a dominate, well damped pitch behavior
results (i.e., the superaugmented pitch loop).18 Of concern is the ability of the loop to provide
sufficient rigid-body stabilization and augmentation before expending gain/phase margins, as well
as avoiding destabilization of, or increasing the contamination from, aeroelastic modes.

As a first strategy, the rate gyro is to be placed such that the participation of the 1st

aeroelastic mode is minimized in the feedback signal. Mounting of the rate gyro at the anti-node of
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the 18t aeroelastic mode, or where the mode slope has a value of zero, will achieve the desired
effect. A sensor so placed will provide the best possibility of achieving the flight control objectives
with gain stabilization in the high frequency region (i.e., the loop transfer is below 0 db beyond the

rigid-body crossover range).

qXSc + SEC 8E qXS
—»

Figure 29. Single-Sensor/Single-Surface Feedback Loop

Consider the Evans plot behavior for a rate gyro located at 1,850 in along the fuselage
centerline shown in Fig. 30 with z = 2 1/s. This station is forward of the center of mass located at
2,153 in. Observe how the unstable real axis pole is driven into 1/1g; , which resides slightly in
the left-half plane, and how the mid period mode moves out to become the dominate pitch mode.
As expected, the 18t aeroelastic pole is accompanied by a closely spaced zero, canceling this mode
in the signal as it travels around the loop, regardless of the loop gain. At the higher frequency
aeroelastic modes, the 1,850 in location is not conducive to a good feedback signal. Note the
1,850 in rate gyro leads to "out of phase" pick-up of the 20d, 3rd, and 6th modes. As the loop gain
is increased, these modes lose damping and foretell hard instabilities. These characteristics noted
in Fig. 30 correlate with the mode slopes in Fig. 28

The closed-loop poles in Fig. 30 are highlighted for two values of the compensator gain, k
= -2.36 and -4.03 rad/rad/s. Figs. 31 and 32 show the corresponding Bode plots for these two
gains. For k = -2.36 rad/rad/s, the real axis instability is just stabilized, as indicated by the dc gain

of 0 db in Fig. 31 and the closed-loop pole at the origin in Fig. 30. Observe the rigid-body gain
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crossover frequency occurs at 0.95 rad/s (see Fig. 31), which will be shown as insufficient for
pitch damping, frequency, and phase margin requirements. Also note from the Bode the
dangc?rous aeroelastic peak occurring at 20 rad/s, which also corresponds to the augmented 6th
aeroelastic pole approaching the imaginary axis in the Evans plot. On the other hand, with k =
-4.03 rad/rad/s, the 6th aeroelastic mode is just destabilized. The peak just touches the O db level
and the closed-loop root is on the jo axis. Gain crossover is better at 1.3 rad/s, but still

insufficient. Finally, note the real axis instability is fully stabilized.
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Figure 30. Evans Plot For 1,850 in Pitch Rate To Elevator
Without Filtering
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These Evans and Bode features give a qualitative perépective of the severe tradeoffs
between rigid-body and aeroelastic characteristics that confront the flight control engineer. For a
quantitative description of the tradeoffs, consider Tab. 18 which indicates compliance or non-
compliance with several flying quality requirements and metrics, as pure loop gain is adjusted with
no filtering. Performance metrics include the rigid pitch frequency, damping, control anticipation,
and omega-tau, while stability metrics consist of the rigid low frequency gain margin, rigid high
frequency phase margin, and the aeroelastic mode 6 gain margin. Shaded boxes indicate
noncompiiance with the requirement. Before starting the discussion, a few comments are in order.
The flying quality data base was not developed, and has never been validated, for highly flexible
vehicles. Nevertheless, there is little else to base flight control decisions on, short of costly piloted
simulation tests. Therefore, the requirements are used here, but only to seek ballpark estimates of
flying quality levels, not definitive answers. Because of the uncertainty involved, the equivalent
systems approach was not considered. Therefore, the numbers in Tab. 18 were calculated by
using numbers taken directly from the full order model, not an equivalent number from a reduced
order model. In computing ®,Tgy, z Was substituted for Tg,. Further, the requirements

correspond to Class IIT vehicles in Category C flight.

Table 18. System Characteristics With Gain Adjustment
For 1,850 in Pitch Rate To Elevator Without Filtering
-k ® CAP DT GM. 38 PM, 38 GMg
207 P 20.16 SN POW 245. 28.
(x/z/s) | (re) <) (1/gs?) -) (db) (deg) ()
0.92 [0.54 0.30 0.018 0.27 -8.17 31,10 12.93
2.36 0.91 0.35 0.050 0.46 0:00 35.7 4.74
4,03 1.22 0.40 0.089 0.61 4.66 40.3 “0.00
5.95 1.51 0.45 0.14 0.76. 8.03 44.6 -3.29
7.94 1.76 0.50 0.19 0.88 10.54 48.3 ~5.80
10.01 2.00 0.55 0.24 1.60 | 12.55 51.3 “-7.81
12.20 {2.22 0.60 0.30 1.11° 14.27 53.9 -59.53
14.54 2.44 0.65 0.36 1.22 15.79 56.1 11,05
17.02 2.65 0.70 0.42 1.33 17.18 57.7 -12 .42

The entries in Tab. 18 correspond to 0.05 increments in rigid pitch damping, and note that

two entries correspond to the gains previously discussed. Level 1 short period damping,
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fréquency, control anticipation, and phase margin can be reached, but not without an unacceptable
trade with aeroelastic mode 6 gain margin. Note that as loop gain is increased, the aeroelastic
mode 6 gain margin violates the requirement well before the relaxed static stability pole is even
stabilized (negative gain margin entries imply a margin deficiency beyond neutral stability). Fig.
32 illustrates the situation further. These plots show the CAP vs. { and @,Tg) Vs. € predicted
pilot ratings with aeroelastic gain margin as the parameterization. The 6th aeroelastic mode is
driven unstable well before moderafe rigid-body flying qualities are approached.

To lessen the higher frequency aeroelastic mode sensitivity to loop gain variations, a
proportional plus integral compensator with filtering must be considered. Insufficient frequency
separation exists between the rigid-body modes and mode 6 to obtain significant attenuation of
mode 6 from a simple low pass filter. Here, notching the 6th aeroelastic mode is necessary. An
attenuation of 13 db is used to reduce the peak to the level of mode 2. However, this alone is not
sufficient filtering to allow loop gain increases. Observe in Fig. 32 the aeroelastic mode 9 peak at
36 rad/s, and the other peaks lying beyond this frequency. Even though mode 9 would be
considered phase stable for increased loop gain, it is highly desirable to have gain stabilization in
this frequency range where model uncertainty is large. The mode 9/rigid-body separation is
sufficient to allow low pass filtering with a break frequency of 10 rad/s to drag the peak down.
The notch and first order filters add roughly 0.5 and 10 deg phase loss at the gain crossover. To
recover this loss, an additional lead-lag filter is added. With this filtering in place, loop gain is
again increased until aeroelastic mode 2 is near the gain margin requirement.

The final compensator is
Kisy = 2562 LEGHLD 10 $242(0.013)(20.7)s+(20.7)2
ST LI(+1.6) (5+10) §2,2(0.06)(20.7)s+(20.7)2

(3.2)

and Tab. 19 summarizes the design. Also, Figs. 34 and 35 show the final Bode and Evans
features. Exploiting the inserted filtering, rigid-body gain crossover is up to 1.8 rad/s as seen in
Fig. 34. Short period frequency and damping meet Level 1 requirements, however, control

anticipation and omega-tau still indicate marginal flying qualities at best (see Tab. 19). Rigid-body
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high frequency phase margin and aeroelastic mode 2 gain margin are right at the requirement limits
preventing any further performance increments. In Fig. 35 the desensitized higher frequency
aeroelastic modes due to the filtering can be clearly seen. Finally, Fig. 36 shows the pitch rate
response for a unit pitch rate command step input. Rise time and overshoot look acceptable, and

aeroelastic contamination, although present, is reduced due to the sensor placement.

Table 19. Design Summary With 1,850 in Pitch Rate To Elevator
Spec. Level 1 {(unit) Design
Ogp - 20.7 (rad/s) 1.59
| Csp 20.35 (=) 0.56
CAP >0.16 (1/gs?) 0.15
00792 >1.3 (-) 0.80
GM_ 54 >4.5 (db). 6.54
PM, 15 245. (deg) 45.0
GM, >8. (db) 9.66

Do not perceive this to be an acceptable inner loop design. There are significant risks and
concerns with this gain stabilized system. First, gain stabilization could not be achieved with first
order low pass filters. To achieve gain stabilization, the system relies upon significant notching
Just to achieve marginal flying qualities. Even more notching would be required to achieve Level 1
performance. The FCS may be highly vulnerable to modeling inaccuracies in the notched 6th
aeroelastic mode. Attenuation filters eat up a significant fraction of the phase margin that must be
restored with additional filtering. Finally, the 1St aeroelastic mode damping is not being
augmented. Responses due to gusts may experience significantly more aeroelastic contamination
than in Fig. 36. Because of these drawbacks, the contractors feel conventional gain stabilization
for this vehicle is not feasible. For the given SS/SS architecture with filtering and closely spaced
modes, there are few remaining design freedoms. One exception is the location of the pitch

SENsOor.
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B. Single-Sensor/Single-Surface Design With Aft Sensor

Reconsider the SS/SS inner loop in Fig. 29 and the proportional plus integral compensation
of pitch rate with z =2 1/s as in Eq. (3.1), but now with an aft mounted sensor. Examination of
the mode shapes in Fig. 28 reveals a coincident anti-node for aeroelastic modes 2, 3, 5, and 6 at
2.500 in, which is aft of the center of mass. This station is a good opportunity for alleviating some
of the troublesome characteristics with the forward mounting scenario in Fig. 30 due to these same
modes. However, note that the rate gyro will now be well displaced from the 1 aeroelastic anti-
node. The rate gyro will at least pick up "in phase" pitch motions from mode 1.

Consider the Evans plot behavior for a rate gyro located at 2,500 in along the fuselage
centerline shown in Fig. 37. The difficulties with aeroelastic modes 2, 3, 5, and 6 have been
eliminated. These modes are now accompanied by closely spaced zeros, preventing the closed-
loop locus ffom penetrating the instability region, or even tending towards that direction. Potential
closed-loop aeroelastic instability problems have been pushed out to a higher frequency range (ie.,
mode 8). Note the 15t aeroelastic dipole structure has opened up considerably, with the zero
migrating down towards the origin. This dipole structure is conducive to damping augmentation of
the 15t aeroelastic mode with loop gain adjustment. At lower frequencies, the unstable real axis
pole again moves into 1/tg; , and the mid period mode moves out to become the dominate pitch
mode. However, with the aft sensor, the mid period mode does not wrap around the compensator
zero towards the real axis, but moves instead towards the 15t aeroelastic zeros. Note the limited
amount of damping that can be added to the mid period mode due to the loci initially moving out
radially from the origin. A clear tradeoff exists between the fore and aft sensor locations and the
closed-loop damping of the rigid-body pitch and 18L aeroelastic modes.

The closed-loop poles in Fig. 37 are highlighted for two values of the compensator gain, k
= -2.08 and -4.80 rad/rad/s. Figs. 38 and 39 show the corresponding Bode plots for these two
gains. For k = -2.08 rad/rad/s, the real axis instability is just stabilized (dc gain of 0 db in Fig. 38
and closed-loop pole at the origin in Fig. 37). Rigid-body gain crossover frequency occurs at 0.88

rad/s, which is again insufficient for pitch damping, frequency, and phase margin requirements.
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From the Bode, the 15t aeroelastic peak occurring at 7.7 rad/s may at first look ominous for
stability. Closer examination shows that there is ample phase buffer from -180 deg at this
magnitude crossover. Here, the 15 aeroelastic mode is phase stable (i.e., the loop transfer pierces
the unit circle, but away from -180 deg). This feature corresponds to the augmented 13! aeroelastic
pole moving away from the imaginary axis in the Evans plot. The aeroelastic peak occurring at 29
rad/s (i.e., mode 8) is a real danger for high frequency instability. In contrast, with k = -4.80
rad/rad/s, the 8th aeroelastic mode is just destabilized. The peak just touches the 0 db level and the
closed-loop root is on the jo axis. Gain crossover is better at 1.4 rad/s, but still insufficient.

Finally, note the real axis instability is fully stabilized.

1.2+ -
1l * : k=-2.08 rad/rad/s |
& -4.80
w
3 0.8t -
©
go.e - .
£
)]
..... % x
£0.4} :
-0.005
0.2+ -
mp
0 e e O fx_m ......................... W C¢ -
S

-08 -06 -04 -02 0 0.2
Real (rad/s)

Figure 37. Evans Plot For 2,500 in Pitch Rate To Elevator
Without Filtering
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Solid numbers for these features are given in Tab. 20. As pure loop gain is adjusted with
no filtering, the table again shows compliance or non-compliance with flying quality requirements.
Note that two entries in the table correspond to the gains previously discussed. One entry
corresponds to a 0.05 damping reduction from k = -2.08 rad/rad/s. Other entries in Tab. 20
correspond to the same closed-loop rigid pitch frequency values appearing in Table 18 (observe the
reduced dampings at equivalent frequencies for the aft sensor). Level 1 short period damping,
frequency, control anticipation, and phase margin can again be reached, but not without intolerable
trades with aeroelastic mode 8 gain margins. As loop gain is increased, aeroelastic mode 8 gain
margin violates the requirement slightly before the relaxed static stability pole is even stabilized.
Fig. 40 illustrates the situation further. These plots show the CAP vs. { and ®spTgy VS. §
predicted pilot ratings with aeroelastic gain margin as the parameterization. The 8t aeroelastic
mode is driven unstable just as moderate rigid-body flying qualities are being approached. As a
final comment, note that Tab. 20 does not list the phase margins for the 18t aeroelastic mode. In

every case except k = -15.36 rad/rad/s, the phase margin was above the 60 deg requirement.

Table 20. System Characteristics With Gain Adjustment

For 2,500 in Pitch Rate To Elevator Without Filtering
-k ® CAP ©nr T M, 38 PM, 38 CMg

>0.7 23?35 20.16 Ny P 245. >8.

(T/x/8) | (17) (- (1/gs?) ) () (deg) (db)
0.69 0.46 G.30 0.013 0.23 -5.55 31.5 16.94
2.08 0.85 0.35 6.043 0,43 0.00 36.0 “7.35 o
4.80 }1.33 0.41 0.11 0.66 7.29 43.2 0.00 i
6.06 ]1.51 0.43 0:14 0.75 9.32 45.8 -1.93
8.01 [1.76 0.47 0.19 0.88 11.74 49.0 -4.36
10.02 [2.00 0.50 0.24 1.00° 13.69 51.7 -6.30
11.90 {2.22 0.53 0.29 10110 15.18 53.8 -7.80
13.73 [2.44 0.56 0.36 12200 ] 16.42 55.4 =9.04
15.36 | 2.65 0.58 0.42 1.33 17.40 56.6 -16.01

To again reduce the sensitivity of the higher frequency aeroelastic modes as loop gain is
increased to meet lower frequency requirements, a proportional plus integral compensator with
filtering must be considered. Because of phase stabilization of mode 1 and the coincident anti-node

of modes 2, 3, 5, and 6, sufficient frequéncy separation exists to insert a simple low pass filter
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between the rigid-body modes and mode 8 in order to obtain measurable attenuation of mode 8.
Notching is not required for the aft sensor. A break frequency of 18 rad/s is used for the low pass.
The filter adds roughly 5 deg phase loss at the gain crossover. To recover this loss, an additional
lead-lag filter is added. With this filtering in place, loop gain is increased until aeroelastic mode 8
reaches the gain margin requirement.

The final compensator is

 _533(s+2) 1.6(s+1.35) 18
K@) =——5"" 135(s+1.6) (s+18)

(3.3)

and Tab. 21 summarizes the design. Figs. 41 and 42 also show the final Bode and Evans plots.
Filtering has allowed the rigid-body gain crossover to be boosted to 1.6 rad/s as seen in Fig. 41.
Short period frequency and damping meet Level 1 requirements, however, control anticipation and
omega-tau are still below values that are considered appropriate for good flying qualities (see Tab.
21). Note that for roughly the same closed-loop rigid pitch frequency, the aft design has less
damping relative to the forward case. Rigid-body high frequency phase margin and aeroelastic
mode 8 gain margin are right at the requirement limits preventing any further performance
increments (for the given filter break frequency). In Fig. 42 the effect of the filter in desensitizing
the higher frequency aeroelastic modes is clearly seen. Finally, Fig. 43 shows the pitch rate
response for a unit pitch rate command step input. Rise time and overshoot look acceptable, but

aeroelastic contamination looks quite severe.

Table 21. Design Summary Wwith 2,500 in Pitch Rate To Elevator
Spec. Level 1 {(unit) Design
®sp 20.7 (rad/s) 1.49
Csp >0.35 (-) 0.47
CAP 20.16 (1/gs?) 0.13
©epT92 >1.3 (-) 0.75
GM, 5g >4.5 (db) 8.20
PM, 33 245. (deg) 45.0
GMg >8. (db) 9.65
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A few comments concerning the forward and aft sensor designs are appropriate before
moving on with the discussion. The designs are comparable based on the observation that closed-
loop rigid pitch frequencies are roughly equal, rigid-body phase margin and aeroelastic gain margin
are roughly at the requirement limits, each uses a low pass filter roughly 10 rad/s below the critical
acroelastic peak requiring attenuation, and both are predicted to have marginal flying quaﬂities.
Each design could use more aggressive filter attenuation to obtain further performance benefits, or
to skew the advantages of one design over the other. This misrepresentation of the facts was
intentionally avoided.

This phase stabilized system is by no means the final answer to the inner loop FCS.
Significant concerns exist here also. At first glance, phase stabilization may appear as less of a risk
since the Nyquist trace would be away from the critical -1 point when lying outside the unit cifcle.
However, an aeroelastic mode which lies outside the unit circle is a significant risk in itself if the
model is inaccurate. The FCS may be vulnerable to modeling inaccuracies in the phase stabilized
18 aeroelastic mode. Another point to note is that even though the 18t aeroelastic mode damping
has increased relative to the forward sensor design, the aeroelastic contarnipation in the time
response has gotten worse. The "loose” dipole structure leads to increased mode 1 participation in
the input-output channel, which swamps the damping increase. Pilot opinion ratings of this high
frequency contamination are expected to be lacking. Finally, recall that the rigid pitch control
anticipation and omega-tau characteristics are still marginal. Because of these drawbacks, the
contractors feel the non-conventional phase stabilized strategy for this vehicle is also probably not

feasible.

C. Multi-Sensor/Single-Surface Design With Forward & Aft Sensors

The investigations thus far point to the conclusion that the SS/SS architecture is probably
not sufficient to meet the design objectives for the highly flexible Ref. H HSCT vehicle, and more
design freedom is required. A specific strategy, which surpasses the SS/SS architecture

capabilities, but falls short of being a truly multivariable FCS, is addressed next. Consider the
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Multi-Sensor/Single-Surface (MS/SS) architecture depicted in Fig. 44. Here, the feedback signal

qp, consists of a blend of two rate gyro signals q,5; and gy , where Hy(s) and H,(s) denote

blending filters. This technique is an old strategy often overlooked in the modern control era.811
Ref. 11 uses the MS/SS logic to achieve phase stable aeroelastic dipole structures. A different

perspective is taken here.

85 .SE
OE SE 9xs1

B + c
oie-

- Qxs2

Db 4

Figure 44. Multi-Sensor/Single-Surface Feedback Loop

The methodology is to blend the desirable features of the fore and aft sensor designs and
avoid the undesirable features. For a specific blending strategy, reconsider the loci behavior in
Figs. 30 and 37. For the forward sensor, observe the desirable low frequency characteristics
below 10 rad/s (relaxed stability stabilization, pitch damping augmentation, and aeroelastic mode 1
cancellation), while above this frequency undesirable behavior is present (aeroelastic
destabilization). Note the opposite trend with the aft sensor; undesirable features reside below 10
rad/s (limited pitch damping augmentation), while desirable characteristics are present above 10
rad/s (aeroelastic mode cancellations), until 30 rad/s is reached. Therefore, below 10 rad/s the
1,850 in sensor signal will be used, above 10 rad/s but below 30 rad/s the 2,500 in sensor signal is
to be used, and above 30 rad/s attenuation of all feedback signals is enforced. Fig. 45 shows the
blending filter frequency responses where H;(s) and H(s) are low pass and band pass (with break

frequencies not precisely at 10 and 30 rad/s after manual tuning), or
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H,(s) = (—Sﬁs—) (3.4)

_ 18
Hy(8) =4 o5y o 18)

The MS/SS Evans behavior is shown in Fig. 46, and the results correlate with the
objectives and intentions of the flight control engineer, but with some offending features. For
frequencies below 10 rad/s, the closed-loop dynamics correlate with the forward SS/SS design in
Fig. 30. A conventional, well damped rigid pitch mode is present. With the aft-to-fore signal
weighted 4-to-1, the 18t aeroelastic dipole is unfortunately no tighter than in the SS/SS aft design
in Fig. 37. An aft-to-fore ratio of 1-to-4 would similarly lead to problems with the location of
aeroelastic mode 6 zeros as in Fig. 30. For frequencies in the band between 10 rad/s and 30 rad’s,
the closed-loop dynamics match the aft SS/SS design. The aeroelastic modes are generally
canceled due to the coincident anti-nodes.

Examination of the closed-loop transfer function consistent with Fig. 44 reveals the
blending filters result in an extra first order over second order factor with roots at -1.7, -8,, and

-20. 1/s, respectively. Impacts from this new factor on the flying qualities is unknown, but not
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expected to be good. More troublesome is the 18t acroelastic zeros having been pushed slightly to
nonminimum phase. Mode 1 will no longer be phase stable, limiting rigid-body performance
increments by loop gain adjustment. Fig. 47 shows the corresponding Bode plot with the loop
gain set to just stabilize the real axis instability. Note aeroelastic mode 8 is already in violation of
the gain/phase margin requirements of 8 db and 60 deg. Due to these deficiencies, the contractors
also feel the MS/SS architecture with the specific blending filters in Eq. (3.4), although

dem;)nstrating some advantages over SS/SS scenarios, is probably not feasible for this vehicle.
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Section IV
Expanded Look at Multi-Sensor/Single-Surface Design Strategies

A. Optimal Sensor Placement
MS/SS architectures indicate some potential for improved closed-loop properties, relative to
the SS/SS systems. However, the MS/SS loop is not without it's own difficulties. Specifically,
nonminimum phase 18t aeroelastic zeros and their effect of bounding the usable loop gain is of
concern. Selection of the blending filters and sensor locations for the MS/SS design in Section III-
C was completed manually, based upon insight and familiarity with the vehicle dynamics. This
- approach has served well in laying a solid foundation to build upon. The question to be addressed
now is whether a formal optimization search can squeeze any remaining benefits from the concept
by reducing, or fully eliminating, the nonminimum phase characteristic of mode 1, without
degrading other features. Success here would make the MS/SS architecture a more viable FCS.
Existing techniques appearing in the literature19-22 for optimal sensor placement on flexible
structures offer little assistance here. Most all reported studies have focused on either
1. Open-loop criteria like controllability/observability of the vehicle alone,
2. Closed-loop criteria employing control methodologies which have seen limited use in
practice,
3. Large space structure vehicles (i.e., 2nd order systems with symmetric matrices), and
4. Vibration suppression (i.e., no allowance for rigid-body motion or control).
These studies appear to lack key aspectsr of our problem. Control design methodologies
considered here are conventional based, not contemporary based. Open-loop criteria based upon
key features from the Evans/Bode plots are of interest, rather than state space metrics. Further, the
dynamic systems of interest have airflow pressures as the single most important load influencing
the motion. Finally, our closed-loop objectives of rigid-body control and aeroelastic suppression

are inherently integrated and can not be considered separately, without introducing large errors.
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Criteria for optimal sensor placement must incorporate or address the critical aspects of the FCS
design if success is to be achieved.

The single most important feature determining how the aeroelastic dynamics are
augmented, as the proportional plus integral control law in Eq. (3.1) works the rigid-body pitch

characteristics, are the dipole structures. Consider Fig. 48 which describes the structure of an

aeroelastic dipole. The ith aeroelastic dipole consists of a pole and zero denoted as p; and Z;.
Vector §; locates the aeroelastic zero in the complex plane, relative to the aeroelastic pole. The
vector can be broken down into a magnitude and phase as

8;=|8;|ei <@ 4.1
To cancel the effects of the aeroelastic mode from the input-output channel, minimization of 16;11is
appropriate. For typical aircraft pitch rate to elevator transfer functions, the dipole root locus has a
stabilizing behavior if the zero lies below the pole.8 Consequently, if damping augmentation of the
aeroelastic mode is the objective, then minimization of 1.£(8;) - (-n/2)! is a logical criteria to

consider.

A

b

-

Figure 48. Aeroelastic Dipole Structure

A general cost functional includes both objectives, or

f(xg1Xgpabich o) = .+ wi 8]+ wi] £(8) - (- /2) |+ . (4.2)
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where w; and w;' are weights to be selected by the engineer. Note the dependency of f on the

independent variables: sensor locations Xs1, Xs2 and blending filter parameters a, b, ¢, hy, hy where

= a__IH1
HI(S) = hl (s+a) = dHl (43)
o

B0 =h2 6y v = 3y,

The functional dependency of 3; upon the sensor locations and filter parameters is rather complex,

highly nonlinear, and awkward to express mathematically. The sensor locations first determine the

individual vehicle transfer function zeros as described in Section II-A and is represented here as

Ixst [ ! |G
9xs2

) (4.4)
tfey) E

dg
Secondly, according to Fig. 44, the filters use this information to construct the blended vehicle

transfer function zeros, or

Q= nGl"ngHg + ZGZ“HZdHI 5 @.5)
G~HI1YH2

After factoring the numerator and denominator of qy/8g, the plant poles and zeros are available, a

subset of which is the aeroelastic poles and zeros. It is not sufficient to locate the nearest zero to

the aeroelastic pole in computing ;. In an Evans plot, the poles do not always migrate towards the

nearest zero, especially with modally dense aeroelastic vehicles. To determine which aeroelastic

zero z; pairs off with aeroelastic pole p; to form Z;, a root locus calculation is necessary. With the

compensator and actuator denoted as

K(s) = k —K (4.6)
dg
LN
As) = -

the open-loop poles and zeros and closed-loop poles are determined as

annA(nGlnHlde + ﬂG2DH2dH1) = k'(S+Zl) (S+Zn)

dgdadgduidup + kngna(ng ng dpz + nGaNp2dg1) = (4P 1) - (4P ) V k<0
where

4.7)
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Pcii=p; for k=0

(4.8)
Poi=2;0rtoeo for k=—e0
Use the root loci to determine which zero is associated with the aeroelastic pole, or
Z; = z; | p; migrates towards z; as k:0——o0 (4.9)
Finally, §; is given as
d;=Z;i-p; (4.10)

Although less computationally efficient, a steady and reliable first order gradient or steepest
descent optimization algorithm was considered.23 A flow chart for the algorithm is given in Fig.
49 where x denotes the vector of independent parameters and f(x) is the cost function. As
developed above, the problem is classified as an unconstrained optimization problem. There are
practical constraints that need to be enforced. These constraints include sensor locations lying
between the vehicle nose and tail, and nonnegative, but bounded, filter parameters. If not
constrained, the optimizer has, on occasion, exploited this freedom. The resulting closed-loop
systems have been impractical. Rather than appending these inequality constraints to the cost
function explicitly, they are implicitly included in the adaptive step algorithm as indicated by Fig.
49. Note the output solution in Fig. 49 is a local minimum which depends on the starting

conditions. There are no easy answers to these issues, as always.

Initial Estimate xo, f,

'

Compute V{(x)
P Vi) = (f, £)/ (x+-x.)

L Vix)#0

Compute New x, f
x = x - kVIx)IVEX)I

P Final Solution x, f
Vix)=0

Check Overshoot f=f

a@@——P» Check Constraint g(x) 20
Adjustk & V{(x)

Figure 49. Steepest Descent Solution Algorithm
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In the 6verall FCS design process, note the optimizer only provides the blended transfer
function zeros. Rather than releasing all aspects of the solution to the optimizer, only a fraction
was delegated to the optimizer. The engineer must still complete the design manually with the
Evans/Bode plots by setting closed-lodp poles, gain/phase margins, etc. This partitioning is
intentional and considered to be a good strategy because optimization is a powerful tool, but if used
blindly, optimization will almost invariably bite back with impractical results. It must be treated
with caution and respect.

Due to the untimely nature in the delivery of valid aeroelastic models of the Ref. H HSCT
to the contractors, insufficient time existed to exercise the optimal sensor placement scheme on the
Ref. H configuration. Several runs were tested on the SCRA model, however. With high
similarity between the previous SCRA studies and the, current Ref. H HSCT studies, knowledge
gained here should be directly transferable to the current vehicle of interest.

Ref. 10 contains a complete description of the SCRA design aspects and only the relevant
features of the MS/SS architecture are recalled here. Fig. 50 shows the Evans features for the
SCRA design which corresponds to Fig. 46 for the Ref. H design. Note the similarities. In the
SCRA case, the fore and aft sensors are at 2,000 and 2,500 in. The tradeoff involves the 18t and
31 aeroelastic modes. In the Ref. H case, mode 6, rather than mode 3, is critical. However, the
essence of the problem is identical. Fig. 50 corresponds to the blending filters listed below. Note

that h; is slightly different from that in Ref. 10.

Hl(s)=ﬁ 4.11)

_ 31
Hy(s) = 12@(?31_)

Consider a small subset of the overall optimal sensor placement scheme proposed. Filters
parameters will be fixed and the dipole phase costs are ignored. Further, only the dipoles for
modes 1 and 3 are considered. Under these restrictions, the cost functional becomes

f(xg1.x52) = Wy 81|+ 135 (4.12)

Only the sensor locations are allowed to vary. Filters are specified as in Eq. (4.11).
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Figs. 51-53 contain the Evans plots corresponding to three runs made with different values
for weight w;. Algorithm starting values for sensor locations are 2,000 and 2,500 in.
Convergence is achieved when the gradient is positive in all directions using a +1 in perturbation
for the gradient calculation. There is a clear trade between concentrating on mode 1 vs. mode 3 in
the cost function. For w = 2 (see Fig. 51), the optimizer has improved dipole 3 at the expense of
dipole 1. The opposite trend is found with w; = 7, as seen in Fig. 53. For the case w; =3
displayed in Fig. 52, both mode 1 and 3 dipoles' are considered better (i.e., tighter) than the manual
design shown in Fig. 50. Further, nonminimum phase behavior is almost eliminated for mode 1
and completely eliminated for mode 3. Results for wy = 4, 5, and 6 are essentially unchanged
from the w = 3 case. This demonstrates the potential of the optimal sensor placement strategy.

The optimizer applied to the aeroelastic sensor placement problem has been found to be a
temperamental tool. It can be sensitive to user specified tolerances or starting conditions. Further,
convergence speed can be lacking. It will also exploit strange freedoms hidden within ill posed
cost functions. However, with a properly posed cost, and with proper constraints on the
independent parameters, the optimizer will perform as asked. The scheme has shown the
capability to squeeze out further benefits from the MS/SS architecture that would possibly be

overlooked in a manual approach.
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B. Limitations of Low Pass/Band Pass Blending

Some strides have been made toward the elimination of the aeroelastic mode 1
nonminimum phase zeros with the optimal sensor placement technique. However, the
characteristic still lingers and appears to be an inherent feature of the blended FCS strategy.
Actually, the undesirable feature results from the specific low pass and band pass filters in Eq.
(3.4), used to implement the MS/SS strategy, and this is discussed next.

Recall the qy/8g transfer function in Eq. (4.5). Numerator dynamics consist of the addition
of two terms originating from the two feedback signals in Fig. 44. The relative strength of the two

channels determines the final zeros according to the root locus

hz 18 S Ngo
1425 S MGy 4.13
h] 8 (s+18) NGy ( )

where hy/h; plays the role of parameterization variable. Note the blending filters act like an extra
s/(s+18) factor. For hy/h; =0, Eq. (4.13) indicates the q/bg, zeros are coincident with the q,¢/0g
zeros and s = -18. For a large value of hy/hy, the qp/8g zeros tend towards the Qxs2/OF zeros and s
= 0. At intermediate values for hy/hy, the zeros follow loci according to the conventional rules.
Fig. 54 shows this numerator root locus for the MS/SS design in Section III-C.

In Fig. 54, the symbol "x" represents the zeros of qxs1/0g as found in Fig. 30, while
symbol "o" denotes the qy4,/8g zeros shown in Fig. 37. With the hy-to-h 1 ratio set at a value of 4,
the zeros are equivalent to those in Fig. 46 corresponding to the MS/SS design of Section III-C.
There is a clear trade between the troublesome modes. As the mode 6 zero is slid down near the
mode 6 pole, the mode 1 zero slides out into the right-half plane leading to the nonminimum phase
behavior. Mode 1's zero immediately heads to the right-half plane as hy/hy is increased from zero.

Consider the angle of departure relationship as applied to mode 1 in Eq. (4.13) and Fig.
54. Let 9 represent the phase angle of factor s+z; contained within ng; where z; represents the
aeroelastic mode 1 zero with imaginary part greater than zero. From Fig. 30 or Tab. 16, z; =
-0.089 +j7.5. For a test point very near z;, this relationship is

81 = £(s) - Z(s+18) + L(ngy) — Llng;) — (2i+1)n (4.14)
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n'G, denotes ng; with the factor s+z; removed and i represents an integer. With s = z4, the
s/(s+18) factor results in an additional contribution of 68 deg of phase to the departure angle from
zero z;. Without this contribution, the initial migration would point down towards the origin,
avoiding the right-half plane and nonminimum phase behavior.

It can now be said with certainty the source of the 18 aeroelastic mode nonminimum phase
characteristic in the MS/SS design in Section III-C is due to the width of the band pass filter
differentiator and final break frequency. Insertion of the zero at the origin "pushes’ the mode 1 loci
out into the right-half plane. The low pass/band pass implementation of the blending idea is

fundamentally flawed. A more gradual implementation of the rate gyro blend is needed.
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VC . Utilization of Lag-Lead/Lead-Lag Blending

Implementation of the blending strategy requires a more subtle tactic to avoid the aeroelastic
mode | nonminimum phase characteristic associated with the low pass/band pass approach
displayed in Fig. 46. Relying upon previous knowledge of the vehicle dynamics, use of the 1,850
in sensor signal below 10 rad/s and the 2,500 in sensor signal between 10 and 30 rad/s is still
desirable. Therefore, consider a lag-lead factor for Hj and a lead-lag factor for Hp which transition
in the critical frequency range. Attenuation is still needed for the higher frequency aeroelastic
modes. This attenuation can be lumped into K for both signals or kept separate in H; and Hy. The
Jatter was chosen. Further, lead-lag filters in both H; and H, are necessary to recover phase loss
near magnitude crossover due to the attenuation factors.

The chosen filters are

Hy(s)=h, 14 (s+16) 1.6(s+1.1) 10

16 (s+14) 1.1(s+1.6) (s+10)

(s+14) 1.6(s+1.35) 18
(s+16) 1.35(s+1.6) (s+13)

(4.15)

Hy(s)=h,

and Fig. 55 displays the corresponding frequency responses. Filtering used in the fore and aft
SS/SS designs in Egs. (3.2) and (3.3) are used in Eq. (4.15) with one exception. Notching in the
forward design is not used here (i.., one goal is to achieve an acceptable design without resorting
to notching). Note the blending lag-lead and lead-lag factors in Eq. (4.15) are almost straight
blending with break frequencies separated by only 2 1/s.

Fig. 56 shows the numerator root locus for the MS/SS design here. Similar to Eq. (4.13),

the governing relationship is

o 12 16 (s+14)? 1.1s+1.35) 18(s+10) Ngp _,
h, 14 (s+16)2 1.35(s+1.1) 10(s+18) NG

(4.16)

where again hy/h; is the parameterization variable. The blending filters act like an extra
(s+14)2/(s+16)? factor. Note the migration path for the 18t aeroelastic zero, although still slightly

penetrating the right-half plane, ends up in the left-half plane and is much improved relative to Fig.

54. Zero locations for hy/h; = 4 (as in Section III-C) are noted in Fig. 56. Lag-lead and lead-lag

implementation has allowed tailoring of the zero characteristics so that both mode 1 and 6 are
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nonminimum phase, and mode 1's dipole is tighter, relative to the other blending approach. Note
from Fig. 56 the freedom still available in reducing hy/h; to increase this tightness and still avoid

nonminimum phaseness.
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Figure 55. Modified Lag-Lead And Lead-Lag Blending Filter Frequency Responses

The MS/SS Evans behavior is shown in Fig. 57. Again, not that the objectionable
nonminimum phase mode 1 behavior has been eliminated with the new filters. Unfortunately, the
mid period foots switch their migration direction, from the case displayed in Fig. 46, to the 1st
aeroelastic zeros. Recall this limits the effective rigid pitch damping augmentation per unit loop
gain, but with a phase stable mode 1, the gain can be increased further. Thus, another clear
tradeoff is present between the low pass/band pass and lag-lead/lead-lag strategies. However, this
design does indicate limited improvement over the aft SS/SS design. Fig. 58 displays the Bode
plot for k = -1.25 rad/rad/s and Tab. 22 lists the final closed-loop numbers. The loop gain has
been increased until the rigid phase margin requirement is just met at 45 deg and the aeroelasti¢
mode 8 gain margin is also at the requirement of 8 db. These numbers make a comparison with the

aft SS/SS design in Tab. 21 possible. Note here a slight improvement in the achievable rigid pitch
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frequency and damping values. However, these improvements are not sufficiently significant to

claim a successful design has been achieved for the Ref. H HSCT vehicle.

Table 22. Design Summary With Lag-Lead 1,850 in And Lead-Lag
2,500 in Pitch Rate To Elevator
Spec. Level 1 (unit) Design
Ogp 20.7 (rad/s) 1.58
Ssp 20.35 (-) 0.50
CAP >0.16 (1/gs?) 0.15
05702 21.3 (-) 0.79
GM, 3g 24.5 ~ (db) 8.44
PM, 1g 245. (deg) 46.2
GMg >8. (db) 9.65
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Section V
Preliminary Consideration of Multi-Sensor/Multi-Surface

Design Strategies

A. Limitations To Influence Pilot Station Responses

Consider the feedback structure displayed in Fig. 59. This closed-loop system can
represent either the SS/SS or MS/SS architectures previously considered. For example, qys1
would denote the forward or aft single-sensor feedback variable (i.e., qy in Fig. 29), or possibly
the multi-sensor feedback signal (i.e., q, in Fig. 44). s, is some other pitch rate signal of
interest. Here, g,y will denote the output of a rate gyro placed at the cockpit station. More
importantly, g, is the pitch rate characteristics the pilot would sense while closing outer loops

during manual augmented flight control, such as during the approach-to-land task.

Figure 59. Feedback Loop With A Second Response

Fig. 60 shows the cockpit pitch rate time response for the 1,850 in forward sensor SS/SS
design in Section ITI-A. A unit pitch rate command input signal is the excitation source.
Aeroelastic contamination of the cockpit response is severe. Responses corresponding to the aft
SS/SS design or the MS/SS design are equally bad. Note the high frequency ringing due to the
lightly damped aeroelastic modes. Also note the vehicle initially responds in the wrong direction

due to strong nonminimum phase features at this fuselage location. Even without an applicable
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flying quality data base for flexible vehicles, the cockpit dynamics displayed in Fig. 60 are highly
objectionable and totally unacceptable for manual loop closure, not to mention the severe ride
discomfort associated with such dynamic motions.

The SS/SS and MS/SS designs have primarily concentrated upon tailoring the responses
solely at the sensor by either augmentation of aeroelastic dampings or cancellation of aeroelastic
poles/zeros, or a combination of both. Characteristics at stations far from the sensor, such as the
cockpit, have been ignored. Why not place the sensor at the cockpit and redesign ? The 1,850 and
2,500 in stations were found to be the most promising for aeroelastic modification with feedback.
Aeroelastic dipoles corresponding to the cockpit station are not appropriate for feedback control
using only elevator inputs. Setting aside the difficulties noted in Section III in achieving the flight
control objectives with the SS/SS and MS/SS architectures, the contractors do not feel the SS/SS
and MS/SS loops will provide viable FCS for the Ref. H HSCT. These systems do not yield
acceptable cockpit responses. -

This conclusion is further demonstrated with Fig. 59. The vehicle is represented as

9xs1 Gl 5
= (5.1)
[qXSZ G, E
and the control law is
BEC = K(qxslc_ Qxsi) 5.2)

Using Egs. (5.1)-(5.2), the closed-loop transfer functions in Fig. 59 cormrespond to
KG,A
Axs1 = m Axsl1,
KG,A
9xs2 = T+KGA Oxsl,

(5.3)

The closed-loop transfer function denominators are identical, but the numerators are distinct. Each
numerator has it's respective vehicle transfer, either G; or G,. Using the dxs1/9xs1c System, a
combination of aeroelastic damping augmentation and pdle/zero cancellation is achieved with
careful selection of G; and K. Note that, while damping augmentation carries over to the

dxs2/qxs1c channel, reliance upon cancellation for response tailoring does not. The zeros associated

112



with G, and G, are different. SS/SS or MS/SS architectures simply do not have the capacity to

tailor responses at several points around the vehicle.
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B.  Multi-Sensor/Multi-Surface Design With Elevator and Wing Trailing Edge

The single loop FCS previously considered as candi'date inner loop architectures (i.e.,
SS/SS and MS/SS systems) appear to lack sufficient design freedoms to meet all flight control
objectives simultaneously. Findings thus far point to the need for multi loop FCS. With this said,
focus attention on Fig. 61 which shows a Multi-Sensor/Multi-Surface (MS/MS) feedback
arrangement. |

In Fig. 61, q,5; and gy, denote two rate gyro feedback signals, perhaps representing
cockpit (qygo) and aft (gys1) pit;:h rate responses, as in Fig. 59. The input u, represents the
elevator deflection 8 previously used as the sole means of control. The additional, new input
available for control is u;. Note a second input allows an additional feedback loop, as well as a
crossfeed. Only one crossfeed is considered in this preliminary MS/MS investigation.

The Ref. H HSCT configuration has multiple devices distributed along the wing leading
and trailing edges which are possible candidates for input u;. Active control using the leading edge
devices seems impractical due to the associated airflow disturbance over the wing and at the
propulsion inlets, and the inherent one-directional motion (down only). Further, current
aeroelastic modeling capabilities? preclude math models with leading edge inputs. Therefore,
trailing edge surfaces are considered exclusively here.

| Examination of the relative effectiveness of the trailing edge devices as force generators for
the Langley Appendix D HSCT model in Tab. 14 reveals that trailing edge 3 is most effective and
will be chosen as input u; in Fig. 61. Even though current planning recommends use of trailing
edge 3 as a scheduled flap for high-lift generation, it is appropriate to consider this surface during
feasibility studies of inner loop FCS.

From Fig. 61, the vehicle model is

Y1|_{G1Grz2f|n
= 5.4
[YZ] G1 G622 [“2} G4
Using sequential root locus concepts,2* consider closing the yj/uj loop first. The control law is
u =K (yie—-yp (5.5)
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and the resulting intermediate system is
KiGnag GoA2

_ N 56
1=K, G A, T 14K,,G A, & (5.6)

g, = K11G62144 y +Gzz“’*z*“KnG"\1"’*2u
2 1+K11G“A1 le 1+K11G11A1 2

| G=G11Gy = G126y
where G denotes the vehicle coupling transfer function leading to the coupling numerator3 or
transmission zero polynomial. As part of the synthesis, 1+K;;G;A; would be used to generate
an Evans plot. This feedback loop represents a secondary loop dedicated to aeroelastic
suppression.

Before closing the primary y,/u, loop dedicated to rigid pitch stabilization and augmentation,
note the coupling that exists between these two channels in Eq. (5.6). If this coupling is ignored,
the loops can not be expected to operate properly. Therefore, consider a up-to-u; crossfeed, or

Y1c=Kiguze (5.7)

which leads to a second intermediate system

GpA+KpK 11614
y1= U, (5.8)
14K ;G114 ¢
g, = GpA+K | GA | Ax+K 19K 11GyAy
2 14K ;G 1A Z

Introduction of the crossfeed alters the numerator characteristics. Kj, can be used to reduce
excitation of troublesome aeroelastic modes in both the y; and y, responses from the input uj..
The relevant numerator root locus plots from Eq. (5.8) are based on 1+K1,{K};G1A1}/{G12A,}
and 1+K[5{K 1G24 //{GAx+K | GAA,).
Finally, the y,/u, loop is closed, or
Upe = Kop(¥2c = ¥2) (5.9)
With this loop closed, the final augmented system is
yi = K22(G1pA+K 1K 11G11Ay) v
14K ;G 1A 1#K{GppA o +K | 1GA | A p+K 5K Gy A 1) 7

yp= K2{GppAp+K 11GA 1+K 1)K 11Gp1A 1} vy
14K 116 A 1 +K 05 {G A p+K 1 1GA 1A +K 1K ;G A} €

(5.10)
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Here, 14K5(GA2+K 116G A1 Ap+K HK, 1G21A1 (14K {1G 1A} is the root locus of interest.
Again, this feedback loop is the primary loop dedicated to stabilizing relaxed stability and
augmenting the pitch damping behavior.

This feedback strategy applied to a highly flexible aircraft corresponds to the "physics"”
illustrated in Fig. 62 and discussed below. Suppose the pilot commands a nose down pitch motion
with command signal q,,.. Initial elevator deflection will be down with rigid rotation indicated in
the figure. The qy)/S loop will stabilize this motion and provide good handling qualities. The up
tail force will excite the aeroelastic dynamics and mode 1 will initially deform as shown. The
elevator-to-trailing edge 3 crossfeed will lead to initial down deflection of trailing edge 3. This
coordination hinders aeroelastic excitations from &g inputs. Superimposed on top of this two-
surface deflection strategy, the q,¢1/8g3 loop acts to dampen aeroelastic motions that invariably

squeak through.

&Aeroelastic

Rigid
Figure 62. “Physics” Of The MS/MS Flight Control System

The quarter chord point along the mid span of the swept trailing edge 3 surface is located at
2,523 in. Therefore, a rate gyro near, but offset from, this station should prove effective in
controlling aeroelastic mode 1 motions. The 2,600 in station is a particularly good spot. At this
station, mode shape information from Fig. 28 indicates "in phase" sensing of not only mode 1, but
several other higher frequency modes. Fig. 63 shows the Evans plot for the closed-loop poles
corresponding to Eq. (5.6) using static compensation (i.e., K;{(s) = k;1). Recall only the yi/u;
loop is closed here. Observe the stable dipole loci for modes 1 and 2 and a perceived ability to

influence dampings.
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Closer examination reveals this loop is ineffective at aeroelastic suppression for the
following reasons. Sensitivity of mode 1 damping to compensator gain k;; (98;/0k;; = 0.0072
rad/s/rad) is low when compared with that for the aft SS/SS design in Section ITI-B (9¢;/dk | =
0.022 rad/sfrad). The mode 1 loci in Fig. 63 has an optimum shape and initial direction, but it
takes excessive gain to move along this loci. The source of this low sensitivity is the trailing edge
3 location relative to the characteristic deflection shape for mode 1. In Fig. 28, note trailing edge 3
is extremely close to the aft node for mode 1, and is thus not effective in controlling mode 1 by
force. Trailing edge 3, or for that matter, all trailing edge devices, are in a poor spot for serving in
the aeroelastic suppression role. Note the forward most wing leading edge flap suffers from the
same ineffectiveness being somewhat close to the mode 1 forward node.

Another severe drawback when using trailing edge 3 as the additional second input with a
nearby sensor can be seen from Fig. 63. The relaxed static stability pole at +0.13 1/s is further
destabilized by this loop. The rigid pitch motion is "out of phase" with the local elastic pitch
motion near the co-located actuator and sensor (see Fig. 28). Destabilization here will make the
y,/u, loop synthesis more difficult by requiring increased bandwidth for stabilization.

Despite the nonideal conditions surrounding the use of trailing edge 3 as the secondary
input, a compensator gain of k; = 4 rad/rad/s is chosen, and the design is carried one step further
to demonstrate the potential of the two loop MS/MS architecture. Fig. 64 shows the numerator
root locus plot for the y,/u, transfer in Eq. (5.8) using static crossfeed compensation (i.e., Ky2(s)
= ky5). In this figure, "x" denotes the zeros of the y,/u;. transfer function before crossfeed
insertion. Realize these roots no longer correspond to the numerator of Gy;A, alone, but to
G,rA5+K {1 GA A, due to the earlier yj/u; loop closure. The symbol "o" denotes the cross
channel zeros corresponding to K;;G,;A;. The 18t aeroelastic mode loci from Fig. 63 has been
superimposed upon the numerator root locus plot. Note the yy/u,. 18t aeroelastic zero path crosses
the 15! aeroelastic pole path.

Tuning of this feature can lead to both suppression (pole/zero cancellation) of aeroelastic

motions in the cockpit response, such as in the forward SS/SS design in Fig. 35, and aeroelastic
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damping augmentation, as in the aft SS/SS design in Fig. 42. Further, with increased dampings,
motions due to gust inputs will show an improvement. The contractors feel the MS/MS
architecture in Fig. 61 demonstrates considerable potential as a practical candidate for the inner

loop FCS. However, it can not be implemented with the wing trailing edge devices.
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Section VI

Conclusions and Recommendations

One major conclusion is that, at this time in the HSCT program, any and all aeroélastic |
airframe dynamic models should be used with caution. In particular, applications such as piloted
simulation, or flight control design, whose results will be used in major program decisions, are
particularly critical. Requisite fidelity of supplied math models is the issue. Large discrepancies
between two independently generated but similar aeroelastic vehicle models were discovered in the
course of the contract activities. Further, both models have disturbing features which raise
concerns during predictions of dynamic motions using these models. By deduction, model
mismatch can be traced to transfer function numerator characteristics influenced by any or all of the
following: noncausal unsteady input matrices, aeroelastic control derivatives, mode shape/slopes,
and integration of this data into the overall vehicle model. Disturbing features include atypical
attenuation characteristics and aeroelastic dipole features. Despite these findings, a third model
was deemed sufficiently accurate to push ahead with flight control studies.

Another conclusion drawn from the contract findings is that traditional and nontraditional
inner loop flight control strategies employing a single feedback loop do not appear sufficient for
highly flexible HSCT class vehicles. Traditional gain stabilization logic implemented with a
Single-Sensor/Single-Surface (SS/SS) architecture does not appear to be within reach. To achieve
acceptable handling performance, the flight control system'must resort to severe notching and/or
rolling off of higher frequency aeroelastic modes. In this case, the closed-loop system becomes
vulnerable to aeroelastic model uncertainty, and significant phase lead compensation near the rigid-
body crossover region is necessary to restore stability margins. With sensor placement, the lowest
frequency aeroelastic mode can be canceled, but only in the pilot command channel. Further, no
damping augmentation in this mode takes place. Nontraditional phase stabilization logic

implemented with a SS/SS architecture also does not appear within reach. The lowest frequency
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aeroelastic mode damping is augmented, but without assistance from cancellation, the high
frequency contamination of the vehicle pitch motions is severe. Further, rigid pitch damping
augmentation has to be traded off to achieve this aeroelastic damping augmentation. A blended
gain/phase stabilization approach using a Multi-Sensor/Single-Surface (MS/SS) architecture
implemented with lag-lead and lead-lag filters did show some limited improvement, but not nearly
enough to satisfy the stated objectives. |

An associated conclusion is that, for a highly flexible HSCT vehicle, the inner loop FCS
will, in all likelihood, require multiple interacting feedback loops. An overriding concern with the
SS/SS and MS/SS architectures is their inability to influence the cockpit or pilot centered motions.
These architectures do not have the capability to tailor responses at several locations within the
vehicle. Multi-Sensor/Multi-Surface (MS/MS) architectures do. A preliminary investigation of a
MS/MS closed-loop system shows the ability to simultaneously provide aeroelastic damping
augmentation and pole/zero cancellation (not from compensation notching), at selected stations
throughout the vehicle. An integral part of the MS/MS architecture will include finding suitable, or
possibly the "best", locations for surface and sensor mountings.

A final conclusion is that the Ref. H HSCT configuration presents major challenges to
designing acceptable closed-loop flight dynamics. The airframe is inherently unstable to begin
with. The configuration is extremely flexible with lowest frequency structural mode lying close to
the rigid-body modes. Further, the aeroelastic modes do not repeat along the imaginary axis at
regularly spaced intervals, but rather are densely packed at irregular intervals. Severe coupling of
rigid and aeroelastic modes, as well as between different aeroelastic modes, exists. Finally,
secondary aerodynamic control surfaces are not in advantageous regions throughout the vehicle.
This latter point is particularly critical because there is no forward surface to implement a secondary
feedback loop dedicated to aeroelastic suppression within multi-loop architectures.

Recommendations for future activities which are most critical for development of workable

inner loop flight control systems for large, high-speed, highly flexible vehicles are listed below.
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Development of multivariable flight control design strategies which have the
practical/insightful aspects of conventional approaches, as well as the potential of
contemporary approaches. Techniques such as these will be needed to design and implement
the inner loop control system.

Advancements in aeroelastic vehicle dynamics modeling capabilities incorporating large
overall motions, structural vibrations, and unsteady airflow. Control of unsteady aeroelastic
modally dense vehicles with limited control bandwidth will, to some extent, rely upon
combinations of damping augmentation (phase stabilization) and pole/zero cancellation (gain
stabilization). These designs are highly dependent upon accurate knowledge of aeroelastic
dipole and unsteady pole/zero pair constellations.

Creation of a flying and ride qualities data base, applicable to flight vehicles exhibiting
significant structural vibration motions, through moving-base piloted simulation test
programs. Currently there are little, if any, guidelines and requirements for flight control
design of such vehicles.

Integrated airframe design methodologies which allow the controls discipline to impact
airframe design decisions up front. If constraints from the controls discipline are not passed

to other disciplines, the resulting flight control design challenges may prove to be unrealistic.
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Appendix A
Statement of Work for NAS-19858-71

Investigation of Inner Loop Flight Control Strategies for HSR

Objective: The High-Speed Civil Transport (HSCT) is projected to have a pitch divergence due
to the relaxation of static stability at subsonic speeds. Further, significant interaction between
rigid-body and aeroelastic degrees of freedom is expected. The objectives of an inner loop flight
control system (FCS) for HSCT will be to artificially supply the stability inherently lacking in the
airframe, augment the key responses with crisp, well damped behavior, and to suppress, or lessen,
aeroelastic motions in the rigid-body responses. To lower costs associated with FCS
development, validation, and modification, the attainment of multiple control objectives with
minimal architecture is highly desirable. Here, the objective is to explore and/or assess candidate
inner loop FCS strategies for the HSCT. This task shall be coordinated with the HSR Flight
Controls Task (Task 7 on NAS1-20220), specifically, the subtask entitled "Ref. H Assessment."

Approach: Preliminary analysis of a conventional single-sensor/single-surface (ss/ss) FCS for
an HSCT class vehicle indicates multiple conflicting constraints that can not be overcome with this
architecture. Studies of a multi-sensor/single-surface (ms/ss) arrangement show promise and
warrant further analysis. The first task is exercising these milestones on aeroelastic models of the
HSCT, as they become available. The ss/ss and ms/ss strategies exploit specific vehicle dynamic
characteristics such as modal frequency distribution and input-output participation. FCS tuned for
configuration specific data may exploit new design freedoms, or be constrained from using
existing freedoms. This task will support the benchmark assessment of the baseline configuration.

The second task is a more in-depth investigation of the ms/ss or blended sensor architecture.
Mounting locations for sensors are critical to shaping the composite feedback signal so that
undesirable aeroelastic characteristics are minimized. Formulation of metrics which capture the key
desirable/undesirable FCS characteristics associated with fore, aft, and off center line candidate
sensor locations are to be considered. Sensors may include both rate gyros and accelerometers.
Consideration for actuator placement may also be investigated. Solutions are to be obtained by
formal optimization search algorithms in the MATLAB environment.

Studies with ms/ss architectures, although showing promise, also indicate drawbacks. A third task
is to explore the advantages of using a multi-sensor/multi-surface (ms/ms) architecture for
achieving multiple closed-loop objectives. Studies may concentrate on existing baseline
configuration surfaces such as leading and trailing edge devices. Addition of a small forward
surface is a likely candidate also. Design freedoms that multiple surfaces offer are to be
investigated from both a conventional (sequential loop closure) and modern (simultaneous loop
closure) perspective.

Quantifying the merits and/or deficiencies of inner loop FCS strategies will be an integral part of
the tasks. Metrics should address closed-loop features such as augmented damping increments,
bandwidth requirements, controllability, robustness levels, modal frequency separations, and ride
qualities. Data of this kind pertaining to the baseline HSCT configuration may prove invaluable in
future configuration redesign decisions.
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Deliverables:
» Feasibility assessment and recommendation of selected inner loop FCS architectures.

 Documentation of results and findings in an HSR controlled distribution report.

* Software used to perform analysis. Shall include documentation and preliminary user's guide.
Software shall be well commented and legible.
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Appendix B
Boeing M = 095/ h = 30,000 ft Model

This Appendix describes the Boeing M = 0.95, h = 30,000 ft model. All variables are
expressed with feet, second, and radian units. Airframe states, inputs, and outputs are listed

below.

[ . ) T
X= quenl...nlsnl...nls]

u=5E

r T
Y=[ 49319 9778 92,115 92,525 Q3,157J

Actuator model data corresponding to Eq. (1.5) is tabulated below.

Actuator Data p )

¢
o 22. 220. 0.7071

State space matrices listed below are defined in Egs. (1.1)-(1.7).
A =

Columns 1 through 6

-9.0960e-03 4.6165e-02 -6.1650e+01 -3.2103e+01 7.6608e-17 2.3016e-16
-6.5816e-03 -6.1622e-01 9.2213e+02 -2.2156e+00 -6.8224e-03 2.7282e-02
-1.0784e-04 -1.4482e-03 -5.0640e-01 -4.6348e-04 -7.5540e-05 -6.6829e-06
0 0 1.0000e+00 0 0 0
0 -1.3107e+00 -1.6762e+03 8.1732e+00 -8.4348e-01 -2.0614e-01
0 3.5197e+00 1.9853e+02 -2.1947e+01 -5.9285e-01 -2.1045e+00
0 1.1224e+00 4.5483e+02 -6.9987e+00 1.1014e-01 -3.1696e-01
0 8.4788e+00 2.5760e+03 -5.2868e+01 7.4050e-01 -1.7123e+00
0 3.6938e+00 9.2515e+02 -2.3033e+01 1.574%e-01 -9.2079%e-01
0 3.4465e+00 -1.1541e+03 -2.1491e+01 5.2950e-01 1.5119%e+00
0 2.3376e+00 -2.3191e+02 -1.4575e+01 2.0612e-02 -4.1171e-01
0 -6.1496e+00 -1.4500e+03 3.8347e+01 -2.4045e-01 -1.5475e-01
0 -6.2588e+00 -4.7147e+03 3.9026e+01 -1.5363e+00 -1.5192e+00
0 4.7264e+01 6.1627e+03 -2.9471e+02 2.7195e+00 4.772%9e-01
0 1.7675e+01 3.9613e+03 -1.1021e+02 1.019%e+00 7.2704e-01
0 -2.2208e+01 -3.6560e+03 1.3848e+02 -9.7373e-01 -3.2490e-01
0 5.5437e+00 7.7825e+02 -3.4568e+01 2.279%4e-03 -2.8971e-01
0 -6.6522e+00 -9.2922e+02 4.1478e+01 -5.1971e-01 -4.9135e-01
0 -5.6348e+00 -6.9643e+02 3.5135e+01 -2.7875e-01 -1.7479e-01
0 0 0 0 1.0000e+00 0
0 0 0 0 0 1.0000e+00
0 0 0 0 0 0
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oNoNeNeNoNeRe o Rolo oo

leNeNeNolNoeNeleloio ool

Columns 7 through 12

-4.8200e-17
1.1867e-02
1.7886e-05

0
2.9890e-02

-3.2860e-01

-4.2864e-01

-7.4942e-01

-3.2958e-01
4.2486e-01

-9.2420e-02
1.3323e-01

-1.0769%9e-01

-5.7029%e-01

-8.5518e-02
2.0176e-01

-1.2828e-01

-4.3416e-02
1.4696e-02

0
0
1.0000e+00

[eNeNoNoNoNeNoNoRolloloRe)

.4744e-16
.8954e-02
.0232e-05

0

.0281e-01
.4983e-01
.6533e-01
.3542e+00
.9562e-01
.073%6e+00
.5137e-01
.0144e-01
.3649%e-01
.7547e+00
.6106e-01
.1996e-01
.9370e-01
.3142e-01
.6057e-02

0
0

0.
.0000e+00

Columns 13 through 18

4.079%e-16
-4.0242e-02
-5.8603e-05
0
-1.9903e-01

-3.6178e-01

.7974e-16
.6623e-03
.9436e-05

0

.1751e-01
.8032e-01

[oNoNsNoNeNeNoeloRolRolo)

=N

38

OO0 OO0 OCOOCO

.7308e-17
.3658e-02
.3048e-05

0

.0576e-02
.0626e-01
.1676e-01
.7698e+00
.1393e+00
.0712e+00
.7309%9e-01
.7741e-01
.7111e-01
.3710e+00
.4653e-02
.1464e-01
.1266e-01
.571%e-01
.4149e-02

0
0
0
0

.0000e+00

loNeoNoNeoNelNeReo oo

.3967e-17
.5349e-02
.9504e-05

0

.4954e-01
.5146e-01
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-3

|
WWNUUTohoo WK J N

-1
-1

-8.
-4.

.0000e+0

OO0 OOCOO0OOOOOOO

.9955e-17
.5852e-02
.5160e-06

0

.6705e-02
.0696e+00
.7866e-01
.4625e+00
.4242e-01
.7816e+00
.8345e-01
.0703e-02
.8317e-01
.5891e-01
.0223e-01
.1910e-02
.8753e-01
.4812e-01
.4084e-02

.1863e-17
.2977e-03
.2325e-05

0
8016e-02
7052e-02

eNoNoNoNsNeoNeoNoNelNaeNolololoNe

.0000e+0

oNoNoNoNeNeNeNoleloNole)

.3439%e-16
.1960e-03
.9806e-06

0

.4250e-02
.0262e-01
.2772e-01
.2700e-01
.8074e-01
.9891e-01
.5557e-01
.6443e-02
.1544e+00
.3791e-01
.9729%e-01
.5897e-01
.7672e-01
.7502e-01
.1576e-01

[eNeNoNoNoNoeNoRNoNoNoNoNeNo o)

.2822e-17
.9299%e-03
.3228e-06

0

.6255e-02
.0492e-02

-5

-5.
-4.

.0000e+0

[oNeoNeoNeoNeNoNoleNoeRolNoNe)

.4475e-16
.0001e-02
.8534e-05

0

.0470e-01
.0347e-01
.1936e-01
.7789%9e-01
.8202e-01
.6287e-01
.4275e-02
.2477e+00
.567%e-01
.2479%e+00
.3288e-01
.1093e-01 .
.7299%e-02
.9425e-01
.4737e-01

leNoNeoNoNoReoReNoNoloRoleNe oo

.4209e-17
-5.
.0054e-06

6683e-03

0
7778e-03
6517e-02



.0000e+0

.4298e-02
.0886e-02
.4037e-01
.0793e-01
.6208e-01
.8713e-02
.6644e+00
.4126e-01
.6415e+00
.3163e-01
.8413e-01
.1930e+00
.4226e-01

0

i=ReReleNeNeoloNoNoNoNeoReNo R

-8.

-5
-2

2.

-7

4.

4

-4.

-8
1
-5

1.

2

1

5824e-02
.9273e-01
.2440e-01
6393e-03
.4626e-02
6248e-01
.3126e-01
7791e+00
.8376e-01
.4756e+00
.659%e-01
7993e-01
.8828e-01

.0000e+0

Columns 19 through 24

1.
.159%4e-03

-1

-2.

~8.
-1.
3.
2.
.5223e-03
.1995e-02

1
1

-1.
-2.
-1.

1.
.4090e-01
.0120e-01

1
-1

-3.
-1.
.2291e-01

-9

6321e-17

0579e-06

0
6024e-03
4133e-02
7811e-03
0347e-02

0402e-02
0436e-02
8101e-01
8602e-01

5511e-02
0325e-01

[sNoNeNoNoNeoNolNo

1
7

1.

-4

-2.
1.
8.

-1
8

-6.
-1.
-1.
1.
9.

-7
-1

~6.

-3

.1045e-14
.2086e-03
5566e-03

0
.8213e+01
1760e+01
7168e+00
0627e+00
.5231e+00
.3528e+00
1037e+00
9435e+01
1152e+02
5719e+02
1100e+01
.3307e+01
.9218e+01
7221e+01
.2612e+01

QO QOO OCOQOOo

SR eoleNeNoNoNeNoResNoNoReRo o]

.0000e+0

.9953e-02
.3434e-01
.2098e-02
.3921e-01
.0367e-01
.7548e-01
.9145e+00
.6902e+00
.5088e+00
.2765e+00
.6414e-01
.0919%e-01
.4947e-01

[eNoleNoNoNcNoNoNoRoNoleNeRole)

.7901e-15
.2136e-01
.1094e-03

0

.9605e+00
.8200e+02
.0992e+01
.0968e+01
.5186e+01
.6750e+01
.6280e+01
.7686e+01
.4123e+02
.5911e+02
.8228e+01
.1518e+01
.0851e+02
.1563e+02
.9951e+01

oo BolNeNeNeNo N

132

|
I i I SR S NI REN

1 ]
(SR RN

.0000e+0

.6044e-02
.1834e-01
.0244e-02
.9364e-02
.4919e-02
.2835e-01
.5536e-01
.0177e+00
.7232e-01
.3576e+00
.6441e-01
.1866e-01
.1764e-01

cReReNoNoNoloNoNoNeNoNoNoRoNe)

.5174e-15
.4373e-02
.9759%e-04

0

.2537e-01
.1970e+01
.1774e+02
.0416e+01
.1398e+01
.0190e+01
.1880e+00
.0278e+01
.1608e+01
.7085e+01
.1270e+00
.7196e+01
.1557e+01
.139%4e+01
.6271e+00

(= eleRellelNoNo ol

-1.
-2.
-2.

2
-4

-3

-1

-1.
-2.

.0000e+0

7303e-04
3870e-02
5122e-02

.8307e-03
.2200e-02

3.
-3.
.2906e-01
2.
1.
.0445e+00

5944e-02
0538e-01

0935e-02
5878e-01

6740e-01
7183e-02

COOCOO00O0OODOQOCOOO

.4560e-14
.6169%e-01
.5467e-04

0

.5344e+00
.8258e+01
.4372e+00
.8286e+02
.8774e+01
.7978e+01
.955%e+00
.7669%e+01
.0376e+02
.3676e+02
.4019%e+01
.3719%e+01
.2477e+01
.4338e+01
.2550e+00

(oo NeleNoNolNoNe]

.0000e+0

.0267e-02
.6533e-02
.6485e-02
.6157e-02
.2860e-02
.3047e-02
.1765e-01
.6265e-01
.7238e-01
.1383e-01
.7107e-01
.2464e+00
.3889%e-01

ISR eNeReleoNoleNoNoloNoNaNoRe K]

.5466e-14
.4788e-01
.9767e-04

0

.4888e+00
.6509%e+01
.8315e+00
.735%e+01
.9392e+02
.2908e+01
.1376e+01
.3019e+01
.1082e+02
.9259e+02
.6732e+01
.5385e+01
.6971e+01
.8740e+01
.6759e+00

[eleNeNeoNoNoNoNe]



1.

0
0
0
0
0
0
0

0000e+0

OO OO OO

Columns 25 through 30

1.
.7227e-01

-2

-1.

1
PO RRPRFRERRPDDWUOIOWW

1945e-14

2174e-03
0

.0016e+00
.7874e+01
.5339e+00
.9272e+01
.1696e+01
.9782e+02
.9085e+01
.4106e+01
.4262e+02
.537%e+02
.0949e+01
.6500e+01
.8118e+01
.8117e+01
.5566e+01

[sNeoNeNoNoNoNolNeNeNololeilolRole)

.6961e-14
.0058e-01
.7783e-04

0

.3896e-01
.4815e+00
.1446e+00
.5203e+01
.7789%e+00
.1618e+01
.1366e+02
.4688e+01
.1361le+01
.9975e+01
.5830e+01
.7236e+00
.5673e+01
.1028e+01
.6885e+00

OO0 000DDOCOO0OOCOOOO0O

Columns 31 through 34

.2460e-14
.7019%e-01
.1520e-04

0

.7065e+00
.4840e+00
.6384e-01
.3325e+00
.1070e+00
.8520e+00
.1668e-01

.3578e-14
.4510e-01
.3162e-04

0

.803%e-01
.5356e+00
.7978e-01
.4748e+00
.1639e+00
.8112e+00
.1844e-01

N

N »n

-8

-1

-6

-4

-9
-1

-9.
-5.
.7892e~05

= U Oy WO 00 0o

QOO OO0 O0O0

.8151e~13
.5307e-01
.468le-04

0

.9228e+00
-1.

3273e+01

.9858e-01
.0108e+01
-4.

1176e+00

.2286e+01
.1898e+00
.7521e+02
-5.
.1905e+02
.6861e+01
.3916e+01
.4188e+01
.4022e+00
.0936e+01

2076e+01

[eNoNoNoRoNeoNeoNoNeRoRolloRNoo e

8812e-14
0288e-02

0

.4142e-01
.3830e+00
.5889%e-01
.1681e+00
.0454e+00
.2217e+00
.3275e+00
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-2

B> T UL 00 Wl NN R

[
=N W

i
N W o

W oo WU

QOO0 OO0

.2005e-13
.8603e-02
.001%e-04

0

.5796e-01
.4749e+01
.5472e+00
.0469e+01
.0569%e+01
.8005e+00
.4438e+00
.4382e+00
.0055e+03
.7262e+01
.1040e+01
.6693e+01
.3035e+00
.4661e+01
.4714e+01

[e¥sNeRoNoNoRoNoNoNoNeNeloNolle]

.5719e-14
.3076e-02
.2271e-05

0

.6168e-01
.5148e+00
.2028e-02
.8454e-01
.6529e-01
.1326e-01
.0384e-01

-1

-1

OCCOOCOOO0o

.7779%e-13
-8.
.352%e-03

1447e-01

0

.7592e+00
.6433e+01
.6776e+00
.6505e+01
.2588e+01
.5191e+00
.9282e+00
.9946e+00
.5184e+01
.3983e+03
.1005e+01
.6085e+01
.2332e+00
.1754e+00
.8276e+00

[eNeNoNoNoNoNoNeNeNoReRo ool

QO OO0 O0OO0

.1294e-13
.2745e-01
.8804e-04

0

.4210e+00
.1537e+01
.1277e+00
.0483e+01
.9694e+00
.2441e+00
.2482e+00
.5647e+00
.3325e+01
.7662e+01
.4918e+03
.4921e+00
.6199%e+01
.9484e+01
.6707e+00

[eNeReNoNwNeRoNoNoNeNoNe oo e



-1
-2

-5

-8.

-7
-1

=
I}

B VR U R U DY s

.3924e+00
.2541e+00
.4393e+00
.3097e+00
.6103e+03
9311e+00
.2154e+00
.5731e+00

[«ReNoloNoNoNoloNoNoNoNoRo e Ne)

.0010e+00
,1512e+01
.6416e-01

0
.2772e+00
.0526e+00
.0702e-01
.3%44e+00
.4725e-01
.6825e-01
.0259e-01
.0331e-01
.204%e+00
.8454e+01
.1027e+01
.1023e+01
.6005e-02
.1270e+00
.2221e+00

0

COQO O OO0 QOOO

|
O Jwiw -Jdo

.1381e-01
.0625e+00
.0529e+00
.5150e+00
.3186e+00
.7160e+03
.8349e+00
.3781le-01

.2660e-16
.5079%e-02
.9272e-05

0

.9976e-01
.3101e-01
.3754e-02
.3112e-01
.3889e-02
.0332e-01
.6373e-02
.6949%e-01
.1832e+00
.8970e+00
.772%9e-01
.8740e-01
.3216e-03
.0073e-01
.7762e~01

[=ReReNoNeNeNeNoNoNoNeNe

oReeleNoNoNoRoNoNeoRoNoNoNeNe)

QO U o

~1

.2121e+00
.3968e+01
.2956e-01
.3810e-01
.3016e+00
.9331e+00
.7985e+03
.7501e+00

[oReNeloNoNoNoloNeNoNoNoRoRe e

.4413e-19
.1426e-05
.2749%e-07

0

.3085e-04
.1988e-04
.4299%e-05
.1322e-04
.2414e-05
.0492e-04
.3852e-05
.4338e-04
.4255e-05
.1783e-03
.7733e-04
.4357e-04
.4351e-05
.8652e-04
.1233e-04

[eReNeReNoNoNoNoNoNeoNoNo)
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.4122e-01
.8052e+00
.6818e+00
.8383e+00
.5312e-01
.015%e+00
.7556e+00
.9147e+03

[eReReNeNoNoNoloNoNoRoRoNoRoRke)



C

[ Ne o]
[N e o]

0 1.0000e+00
0 0
-1.0648e+06 -5.5245e+04
0
0
1.0648e+06

Columns 1 through 6

aNoeNoRoeNoe
OO0 oo

Columns 7 through 12

-1.5001e-04 -4.4995e-04
~-1.8902e-04 -5.5711le-04

3.0002e-05 9.1001e-05
-4.3005e-05 -1.0100e-04
-1.4401e-04 -4.4000e-04

Columns 13 through 18

2.5604e-04 -5.7596e-04
1.4202e-04 -1.8797e-04
-1.3800e-04 -1.7001e-05
-5.2308e-04 2.4295e-04
1.0701e-03 -5.1208e-04

Columns 19 through 24

4.0003e-05 0

2.0001e-06 0

1.7994e-05 0

3.7996e-05 0

-5.7002e-05 0
Columns 25 through 30

0 0

0 0

0 0

1.
-3.

N

-2

-3

W N

(o= B e B e

0
0000e+00
3312e+02

.0000e+00
.0000e+00
.0000e+00
.0000e+00
.0000e+00

.3597e-04
-2.
.3006e-05
.7001e-05
-2.

8205e-04

0298e-04

.0510e-03
.7995e-04
.7001e-04
.4001e-04
.4400e-04

OO0 OO

(o N @ ]
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-5
-6

OO OO0

.4803e-04
.4507e-04
.0800e~04
-6.
-2.

2012e-05
0508e-04

.4802e-04
-7.
~-6.
-3.
.7995e-05

0005e-05
5014e-05
3999e-05

o NoNeoNe Nl

o O QO

-9.
.3961e-03
.4103e-04
.2902e-04
.8314e-04

-1

NN oYW N

1508e-04

.1505e-04
.4106e-04
.3006e-05
.6008e-05
.0298e-04

.6494e-04
.9008e-05
.7998e-05
.7000e-04
.0005e-06

[eNoNoNo N

o

-1.
.3411e-03
.2010e-05
.0805e-04
.1210e-03

-1
-4

.499%4e-04
.8712e-04
.0003e-06
.6301e-04
.8206e-04

6961le-03

.940%e-04
.200%e-05
.7005e-05
.8397e-04
.9010e-05

[eNeNeNolNe)

[ o )



Columns 31 through 34

(o eleloNe

el eRellelNe

(ol eReNoN ol

SO OO O
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Appendix C
Langley M = 0.88 / h = 20,000 ft Model

This Appendix describes the Langley M = 0.88, h = 20,000 ft model. All variables are
expressed with feet, second, and radian units. Airframe states, inputs, and outputs are listed

below
[ - v T
X= qunl...T\”’ﬂ]...T\nzl ...Zlo]

u=SE

- T
Yy=| 9319 9778 92,115 92,525 Q3J57]

Actuator model data corresponding to Eq. (1.5) is tabulated below.

Actuator Data p [0

F

o
~J
~J
=~

3 22. 220.

State space matrices listed below are defined in Egs. (1.1)-(1.7).
A =
Columns 1 through 6

-1.1502e+00 8.3396e+02
-6.6120e-02 -2.5634e+00
0 1.0000e+00
~7.2076e+02 -2.7320e+04
~-4.4932e+02 -2.7915e+02
1.3004e+03 3.7944e+04
-2.4263e+02 -7.0134e+03
~1.9476e+02 -3.6914e+02
1.2123e+02 1.8226e+03
-2.9799e+02 -4.1654e+03
4.6223e+02 1.9727e+04

5.1390e-03 -1.6404e-03 1.7995e-03
2.3173e-04 -7.5725e-05 8.0027e-05
0 0 0
2.8253e+00 -1.3258e+00 1.8421e+00
8.7082e-01 -3.5070e+00 -1.3163e+00
-3.9986e+00 -2.0847e+00 -4.1738e+00
7.2514e-01 4.4376e-01 8.2230e-01
1.2204e+00 -1.3825e+00 -1.5297e+00
-8.0194e-01  3.8023e-01  4.3737e-01
1.3317e+00 -7.2855e-01 -1.6863e-01
.0967e+00 -1.1257e+00 6.7161le-01

|
[N

6.8064e+02 1.4876e+04 -4.0691e+00 1.9402e+00 -1.2252e+00

~1.3178e+03 -3.1835e+04 4.8674e+00 1.3830e+00 3.3157e-01
-2.7996e+02 3.3003e+03 2.0391e+00 7.5912e-01 5.9029e-01
-1.1986e+03 -3.0175e+04 7.1623e+00 3.6138e-01 6£.2992e-01
-4.8460e+02 -2.2289%e+04 1.4917e+00 -9.4041le-01 7.0051e-01
2.0104e+02 5.0625e+03 -1.6674e+00 6.6946e-01 9.7891e-02

-6.5503e+02 -1.8445e+04 1.6993e+00 7.3983e-01 -8.5297e-02
-4.1791e+02 -1.2148e+04 1.8178e+00 6.6076e-01 5.7403e-01
-3.5908e+02 -7.7330e+03 1.3520e+00 2.9847e+00 1.6179e+00
0 0 1.0000e+00 0 0

0 0 0 1.0000e+00 0
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1.
-1.
.4149%e+01
.8764e+02
-4.
.2694e+02
.5440e+02
.2802e+02

3.
-3.

=7
7

-1
-3
-2

[=lejeNoNaNoNoNoNoNoNoNeRe Ro e

5759%e-01
2180e+00

5985e+02

0855e+03
0955e+04

>RelololeNoNoNaoNoNoRoReReRe e

.8778e+01
.4839%e+02
.3115e+02
.4588e+04
.8423e+04
.7571e+03
.7212e+04
.2517e+04
.1200e+05
.7866e+05

Columns 7 through 12

-3

-1.

.1130e-04

6226e-05
0

.7883e-01
.6607e-01
.9553e-01
.7944e-01
.8400e-01
.8077e-02
.1980e-02
.2714e-01
.3711le-01
.0229e-01
.0225e-01
.6389e-01
.6287e-01
.8321e-02
.4518e-03
.2227e-01
.465%e-01

0
0
0

.0000e+00

O OO OCOO

.5588e-04
.1712e-05

0

.1550e-01
.3683e+00
.536%e-01
.8000e-01
.5560e+00
.84%6e-01
.2517e-01
.7293e-01
.9340e-01
.2146e-01
.1067e-02
.2900e-01
.9150e-01
.0913e-02
.6007e-02
.0786e-01
.9264e-01

0
0
0
0

.0000e+00

0

OO0

.0000e+0

.3587e-04
.8184e-05

0

.9872e-01
.8031e-01
.7184e-01
.7751e-01
.5695e-02
.9871e-02
.6607e-02
.3560e-02
.1677e-01
.5221e-01
.6825e-01
.8751e-01
.1202e-01
.2303e-02
.0831e-02
.2235e-01
-1096e-01

C OO0 OOOCOOO
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.0000e+0

SleRele o NeNeNoNoRoNoRoleReRe]

.1312e-01
.1361le-01
.0548e+00
.0577e+00
.283%e+00
.5324e+00
.7020e+00
.9938e+00
.3955e+01
.4945e+02

.1373e-04
.3538e-05

0

.1833e-01
.9718e-01
.5077e-02
.7323e-03
.5449e-01
.1469e-02
.2324e-01
.8853e-01
.8355e-01
.1206e-01
.6660e~-01
.4601e-01
.1730e-02
.4345e-02
.6450e-03
.9891e-01
.1847e-01

o oNoNoNeNoNeoNoNolNe]

.0000e+0

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

.5785e-02
.077%e-01
.8131e-01
.5884e+00
.0183e+00
.4568e+00
.2604e+00
.9841e+00
.0958e+01
.9565e+01

.0110e-03
.1358e-05

0

.0272e-01
.3176e-01
.1682e+00
.5823e-01
.0428e-02
.4533e-01
.7132e-02
.5415e+00
.6399%e+00
.8299%e-01
.7459%e-01
.8340e-01
.7336e-01
.1273e~-01
.4662e-01
.7387e-01
.4153e-01

oo NaoNoNeNoNeNoReNo]

1.

5.
-7.
.3688e+00
3.
.0589e+01

4.
-3.

-3

-1

3

-9.
.7150e+01

2

b2 et

.0000e+0

0000e+00

SR eReNeoNoNoNeNoNoNoNoNoRe Ko

3072e-02
0383e-02

8551e+00

9819e+00
1657e+00

.0764e+00

0923e+00

.3387e-03
.2064e-04

0

.6352e+00
.984%e+00
.8341e+00
.4798e-01
.9907e-01
.7122e-02
.413%e+00
.3771e+00
.30%6e+00
.1468e+00
.0421le-01
.2848e-01
.1385e+00
.94%6e-01
.7372e+00
.1017e-01
.3597e-01

[>ReNeoNoNeNeoNoNeNeNe



s ReNoeNeNolNo o)
[eNeoNoNeRellolNo]
QOO0 OO0
OO OO OO0
[oNeNeleNe ool
[N eNeNolloNo o

7.2875e-04 -1.7727e-01 -3.5064e-02 8.5265e-02 3.66%96e-01 ~9.9601e-02
-1.9137e-02 3.4352e-01 1.0812e-02 -1.4173e-01 -1.0524e+00 3.2540e-01
8.7835e-01 3.6322e+00 2.2464e+00 -2.8940e+00 =-2.8015e+00 -1.1852e+00
-1.1624e+00 -1.4149e-01 -1.6703e+00 -1.7782e-01 -1.4012e+01 -7.4496e+00
3.0262e+00 5.4962e+00 6.1438e+00 -4.3052e+00 1.3814e+01 3.6155e-01
-1.0764e+00 6.2980e-01 -7.8313e-01 -1.6303e+00 -3.0726e+00 -9.4203e+00
1.0123e+00 7.7883e-01 1.9290e+00 ~5.9404e-01 8.9870e+00 6.5398e+00
-6.7787e-01 -3.3314e-01 -6.3968e-01 -9.1635e-01 -2.7448e+00 -1.0573e+00
1.6606e+00 5.3570e+00 1.6549e+00 -1.2556e+00 -9.0011e+00 6.6107e+00
-7.4499e+00 -1.9551e+01 -1.6458e+01 -2.5255e+00 7.0427e+00 4.3565e+00

Columns 13 through 18

]

-4.0870e-06 3.6726e-04 -5.2490e-04 -4.6346e-04 3.7970e-05 .5547e-04
2.5645e-05 -1.4538e-06 -4.0632e-05 -2.171%e-05 1.3080e-05 .4475e-05
Y 0 0 0 0 0

[\

1.8832e-01 -2.3227e-01 -2.7421e-01 3.8747e-01 4.0430e-02 4.3843e-01
4.2370e-01 3.1864e-01 -1.7496e-01 5.0717e-01 9.1809%e-01 4.1644e-01
~-1.4122e+00 1.1125e+00 3.0390e-01 -5.8710e-01 3.8439e-01 -1.4247e+00
2.8481e-01 -2.5943e-01 -5.0872e-02 1.2380e-01 -1.0146e-01 2.8254e-01
-7.6227e-02 9.7172e-01 -6.3992e-01 2.023%e-01 3.4868e-01 -1.4742e-01
2.1454e-01 -3.5658e-01 1.1558e-01 2.9791e-02 -2.136%e-01 7.7767e-02
-1.1085e-01 5.7110e-01 -6.1535e-01 2.1256e-01 2.8531e-01 9.4279e-02
1.8356e-01 -1.1535e+00 2.1648e-01 4.5854e-01 -6.6784e-02 1.5552e-01
-1.8676e+00 -3.3332e-01 1.1926e+00 -2.2005e+00 -1.0940e+00 -6.7470e-01
-9.4059%e-01 1.4851e+00 -7.9061e-01 -1.6847e-02 2.2957e-01 4.2701le-01
1.2246e+00 -1.9276e+00 1.4224e+00 3.7102e-01 -5.7293e-01 7.6390e-01
-4.5720e-01 1.2775e+00 -1.9315e+00 1.9027e-01 3.2882e-01 2.0633e-01
-3.9798e-01 -1.195%e-01 3.3991e-01 -3.0040e+00 -1.0874e+00 -2.1071e+00

2.4524e-01 -3.5842e-01 1.3897e-01
-3.4060e-01 3.3632e-01 -1.9148e-01
-3.3301e-01 1.0401e+00 -1.1345e+00
4.6212e-01 8.6748e-01 -2.3790e+00

0 0 0

|
s

.9470e-01 -1.0351e+00 -7.6452e-01
.1816e-01 -7.3074e-01 -1.7474e+00
.2362e-01 3.1320e-02 2.5741le-02
.0633e-01 -1.878%9e+00 3.2935e-01

1 1
P e’

1.0000e+0

[eNeoRoNeoNoNoloNeNeNelollo)

1.0000e+0
1.0000e+00
0 1.0000e+00
0 0 1.0000e+00
0 0 0
0 0 0
-9.4806e-02 2.4419e-01 -1.6524e-01

[oNeNoelNoeNoNeoNe Nl llo ool
[eNeNeNoNoNolNoNeNoleNoNolloNo]

0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
1.0000e+00 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
2 1 1

1.3344e-0 5.6583e-0 -4.2751e-0
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.6744e-01
.6373e-01
.6682e+00
.1579e+01
.7265e+00
.2141e+00
.0873e+00
.7182e+01
.4270e+01

-9.3826e-01
6.1998e+00
5.9296e+00
9.7714e+00
6.

-6
6

-1
2

6426e+00

.1704e+00
.8524e+00
.5168e+01
.0227e+01

Columns 19 through 24

-3.
.4813e-05

-2

-2.
-6.
.4558e-01

2

-4,
-6.

7.
.9656e-01

-4

4.
.50988e-01
.1698e+00

1.
-1,
.4722e-03

5
-1

-2

-1.
.5551e-01
-1.

-2

-2

3082e-04

0
5574e-01
0373e-02
4970e-02
6351e-01
8678e-02
0321e-01
0106e+00
6639e+00
0376e-01

1582e+00

.7077e+00

0

leReoleNesNoNeoNoNoNoNeNeoNoNo

.0000e+00

0

.2606e-01
.9436e-01
.2717e-02
.0801e+00
.2791e-01
.3310e+00
.3410e+00
.8501e+00
.7220e+00

~1.
-9.

8417e-03
4753e-05
0

.2607e+00
.1927e+00
.8325e+00
.9958e-01
.6486e-01
.7423e-01
.9046e-01
.088le-01
.8413e-01
.1841e+00
.2465e+00
.1732e+00
.1312e+00
.0063e+00
.9261le-01
.1973e+00
.0854e+01

[=pelsBoNeNeNoeNoRoNoNeNeNeoloRoRo

.0000e+00
.5788e-01
.073%5e+00
.2394e+00
.7587e+01
.7956e+01
.5179e+00
.4555e+01
.7664e+00
.5170e+00

8.
3.
.1383e+00
.3416e+00
=-7.
.2717e+00
-2.
.5538e-01
.6203e+01

5
-1

-1

-5
-3

3512e-01
5272e+00

6751e-02

5420e+00

.0418e-02
.1899%e-04

0

.096%e+01
.1229e+01
.2337e+01
.7015e+00
.1113e+01
.9998e+00
.8042e+00
.9630e+01
.3188e+00
.0153e+01
.3421e+01
.0348e-01
.8597e+00
.0867e+00
.0548e+01
.5538e+00
.1610e+01

(el =jeReloNoRe o NoNoNeNoNoNoNoNeRoNoReoRoReReReRo R Re )
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9.
7.1712e-05

-1.

-2

-4

-2
-3

.9896e-01
.1231e+00
.2557e+00
.1140e+00
.5629e+00
.1647e+00
.8952e-01
.3040e+01
.2801e+01

5143e-02

0
6484e+01

.5055e+02
-5.

8.
-6.

4464e+01
6899e+00
1513e+01

.9232e-01
~-9.

0199e+00

.0855e+01
.1494e+01
.5391e+01
-5.
.0595e+01
.0425e+01
.5509e+01
.9180e+00
.6551e+01
.6941e+01

1683e+01

0

Slw s je N« oo o NoNeNoNeNoNoNoRoNoloRoRoRoReoReoRe Re)

-2

7
-3

oW N

.5288e-01
6.
=-7.

1690e-01
6146e+00

.7541e+00
.3210e+00
.033%e+00
.9514e-01
.2416e+00
.4532e+01

.2007e-01
.0094e-03

0

.7087e+01
.429%96e+01
.5426e+02
.4990e+01
.5264e+01
.5422e-01
.8860e-01
.3783e+00
.5130e+00
.4231e+01
.4631e+01
.4242e+01
.1025e+01
.8600e+01
.1631e+01
.7977e+01
.6360e+01

OOOOOOOOOOOOOOOOOOOOOOOOOO

-3

-7.
.1209e+00
.0110e+00
-2.
.5484e+01
.7006e+01

-5

-7

|

WCWRENMNANWRNDNDPRPWU

[ |
U1 U

[
(S RN RN |

.0773e+00
-1.
.5895e+00

0019e+00

5910e+00

0155e+00

.4690e-02
.401%e-04

0

.6952e+00
.8951e+01
.1619%e+01
.8873e+02
.9397e+01
.0484e-01
.6347e-01
.1524e+00
.1711e+00
.0886e+00
.8088e+01
.2395e+00
.5702e+00
.2245e+00
.7437e+00
.7185e+00
.6933e+00

0

cR=RelojeRoNeNeoeRoNoNoNoNoNoReNoRoloReoRoReo o Re o)



-2

.8904e+01

~-7.9209e+01

Columns 25 through 30

-4

-9.

3

-1.

-3
6
-3

9.

-1
-7

.3701e-02
4638e-04

0
.3700e-01
0488e+01
.1272e+01
.7309e+00
.6253e+02
6532e+00
.4278e+01
.2824e+00
.2984e+00
.1646e+00

.7487e+01 -

.0844e-01
.9972e-01
.2788e+00
.5527e-01
.9074e-01
.055%e+00

leNoNoNoNeoReoNeoNeoloNoNeNeRoloNeRoRoNeNoRe e NoleNollo oo

-6.5150e-02
-1.0802e-03
4]
-3.1273e+00
3.6989e+01
2.7281e+01
-4.3144e+00
3.2991e+01
-3.7925e+02
-1.1398e+00

2.5923e+00

7.6626e+00
-1.3336e+01
3.1378e+01
-1.2657e+01
1.2891e+00
1.3111e+01
-9.3805e+00
-1.3395e+01
1.3933e+01

loeNoNoNoRoNoloNoNoNoNoNeoNeoNoRe e NollololNei oo ool oo

Columns 31 through 36

-2
-5

-4

.5904e-01
.6586e-03

0
.0997e+01

-2.2586e-02
-2.6524e-03

0
-3.0954e+01

.6291e-02
.0234e-05
0
-1.6859%9e+01
-5.5430e+01
-9.0453e+00
1.0825e+00
-3.7218e+01
-3.0960e+00
-5.4501e+02
8.0538e+00
-1.2145e+01
-5.8617e+00
-1.5223e+01
1.6096e+01
-3.4705e+01
-1.6704e+01
-3.6709e+00
1.0399%e+01
-1.0422e+01

W

[eNoReNoNaoNoNeNoReNoNoReNoReRelleoRelleNoNo oo e Re oo o)

1.3616e-01
9.6770e-03

0
1.8005e+02

141

-1.3420e-01
-3.7799%e-03
0
-7.0707e+01
-8.7229%e+00
9.6074e+01
-1.7600e+01
1.8866e+01
-1.1973e+01
1.2174e+01
-7.7655e+02
1.8524e+01
-4.8485e+01
3.1251e+01
7.4188e+00
-8.6254e+01
-3.6838e+00
-3.5206e+01
~-1.601%e+01
1.2801e+01

leNoNoNeoNeoRNoNoNeoNeoNoNoNeNeNoNeNeNolleNoNeNoNeNeo e Ro NolNe)

-7.4097e-02
2.8572e-03
0
6.6702e+01

(=)

.3168e-01
.1736e-02

0
.9983e+02
.7867e+02
.2130e+02
.4037e+01
.2134e+01
.1640e+00
.3237e+01
.7370e+01
.6711e+02
.8056e+01
.9104e+01
.7204e+01
.9352e+02
.7319%e+01
.6739%9e+01
.4370e+01
.3411e+01

=

| 1
R AN NNO R AWYNJUTO NN RN

loRoNoNeoNoloNeNeNelNeNoloNaoloNoNoNoNeNoNe e NeolloNo o oo

2.0966e-01
1.0127e-02

0
1.6561e+02

1.6872e-01
4.9702e-03
0
7.741%e+01
6.0831e+00
-1.5921e+02
2.9024e+01
-6.3667e+01
7.8200e+00
9.7970e+00
-5.9725e+00
-3.8513e+01
-1.3654e+03
-3.2448e+01
-1.4373e+01
8.6120e+01
1.8401e+00
4.9430e+01
2.7118e+01
-1.9554e+01

loNoNeoNeoNoReNeNeNoNoNolleoNolloNolNoNolNeNe N oo ool ool ol o)

3.1669e-02
-1.3086e-05
0
-2.4008e+00



.6207e+02
.0306e+02
.6344e+01
.4794e+02
.3120e+00
.5980e+01
.467%e+00
.4672e+01
.0747e+01
.4416e+03
.0596e+01
.5123e+01
.1139e+01
.5700e+01
.3353e+01
.2814e+01

OOOOOOOOOOOOOOOOOOOOOOOOOOO

-4

3
-2

-2.
.4460e+01
.5948e+00
4.
.4445e+01

-2
=7

-1

.3864e+02
.0478e+01
.5582e+00
.5700e+01
.1973e+01
-4,
.2602e+01

5.
-1.
.7951e+01
.4452e+03

4498e+01

5053e+01

5497e+01

6576e+01

6433e+00

OOOOOOOOOOOOOOOOOOOOOOOOOOO

Columns 37 through 42

-4

WHFRPRPDODNOUW WS

.5648e-01
-6.

4980e-03
0

.4534e+01
.0708e+02
.2341e+02
.5108e+01
.3635e+02
.2836e-01
.0868e+01
.1613e+02
.4772e+01

-7

-4.
.0884e-01
.4978e+00
.3900e-01

1
4
-8

-1.
.4114e-01
.427%e-01
.9510e+00
.848%e+00

-4
7
1

-3

.0749e-03
-3.

6445e-04
0
5176e+00

3234e+00

=N

[a i Sl o RN 52 B RN

[
W

.2644e+02
.5060e+02
.9293e+01
.3298e+01
.1594e+01
.0581e+01
.7811le+01
.9377e+02
.4745e+01
.6660e+00
.2524e+01
-2.
.1818e+01
.9312e+01
.2092e+00
.3341e+00

4144e+03

OOOOOOOOOOOOOOOOOOOOOOOOOOO

.8265e-02
.8274e-04

0

.6909e+00
.8080e+00
.8122e+00
.2646e+00
.5527e+00
.7604e-02
.2234e-01
.9128e+00
.345%e-01
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.0543e+02
.4757e+01
.5445e+00
.9417e+01
.4102e-01
.8975e+01
.1332e+01
.0061le+02
.3225e+01
.5638e+01
.8753e+01
.6148e+01
.0240e+03
.1484e+01
.2057e+01
.9101e+01

OOOOOOOOOOOOOOOOOOOOOOOOOOO

.0246e-02
.4638e-04

0

.3020e+00
.6963e+00
.0447e+00
.1567e+00
.6703e+00
.0970e-01
.3077e+00
.7802e+00
.5994e+00

]
R R RN

-

.2253e+02
.3765e+02
.5287e+01
.7407e+01
.6181e+01
.0583e+01
.1171e+02
.7195e+02
.8482e+00
.0358e+01
.3224e+00
.9971e+01
.7595e+00
.1667e+03
.8690e+01
.3237e+00

OOOOOOOOOOOOOOOOOOOOOOOOOOO

.9841e-03
.1476e-04

0

.5657e+00
.2763e+01
.6348e+00
.2856e+00
.7427e+00
.0313e+00
.2376e+00
.139%e+00
.1676e+01

.0122e+01
.0160e+01
.3787e+01
.8514e+01
.0540e+01
.7934e+01
.0837e+00
.9520e+01
-2.

1.
-2.
-1.
-3.
-2.
-3.
-2.

0764e+01
6873e+01
1014e+01
4511e+00
0455e+00
1406e+00
7475e+03
8249%e+01

OOOOOOOOOOOOOOOOOOOOOOOOOOO

.3752e-04
.2458e-05

0

.6948e+00
.3603e+00
.9936e+00
.3923e+00
.9648e-01
.9531e-01
.7567e-01
.1480e+00
.2527e+00



-1.
.9938e+02
-1.
.2510e+00
.0007e+02
-1.
-1.
.8838e+03

=7

9212e+02

9892e+02

0588e+02
3867e+02

lel=ReR=ReReReRoReReReNoNoNoNeoNoNeNeleNeNolNo e o ool

~-8.
.4745e-01
-4.
-7.
-1.
-4.
-5.
.9842e-02

-2.

2826e-01

0969e+00
1145e+00
2790e-01
4753e+00
7010e-01

2932e+0

eReR=ReReRoReReReNoNoNeoNoNoNeoNoNoNeoNeNoNelieNo oo e e

Columns 43 through 47

-1
-4

-5.
-1.

4.
-7.
-1.

2.
-1.

-2

2
6
-4

-2
1

6.

.337%e-02
.5833e-04

0
9626e+00
2799%e+01
8042e+00
6075e-01
1497e-01
6189%e-01
8243e+00

.3379e+00
5.
2.

1905e+00
6528e-01

.2648e+00
.441%e+00
.4305e+00
-5.

5589e-01

.7043e+00
.3576e+00
1829e+00,

-1.
-1.

-7
1
3

8350e-02
6686e-04
0

.5425e-01
.4992e+01
.4355e+00
.5355e-01
.1434e+00
.3959e+00
.3172e-01
.093%e+00
.1131e+00
.8592e+00
.5930e+00
.7845e+00
.7162e+00
.1178e+00
.1033e+00
.0944e+00
.3231e-01

-5

-3

-4.

.9589e+00
.3762e+00
.1453e+00
.3428e+00
.5954e+00
-5.
-2.
.7445e+00

1591e+00
778le+00

5863e+0

eReR=R=R=R=ReReReReReRoNeNoNoNoNoRaNeNoleloloRolelNoRe]

.9546e-02
.2636e-03

0

.4412e+01
.7701e+01
.2735e+01
.6242e+00
.8185e+00
.8432e+00
.7901e+00
.4121e+00
.8206e+01
.0065e+00
.0829e-01
.4515e+00
.6618e-01
.4835e+01
.4463e+00
.5374e+00
.9087e+01
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-9

-1

-3.
-1.
.7290e+00
-4.

-1.

.2420e+00
.5079e+00
.5587e+00
.1227e+01

6244e+00
1241e-01

4074e+00
0

5288e+0

eleReoReloReRoRi R-R=NeNoNoNoNoNolalolNelNeRo ool

.3805e-03
.1162e-04

0

.8757e+00
.1273e-01
.0914e-01
.5403e-02
.942%e-01
.3086e-01
.0775e+00
.4247e+00
.5204e+00
.7552e+00
.6667e+00
.6589%e+00
.664%9e-01
.0147e+00
.6091e+00
.6116e-01
.5392e-01

-2.

.9246e+00
.7872e+00
.0590e+01
.2399e+01
.2583e+00
.5752e-01
.2156e+00
.7113e+00

[oNeoNoNoNe Nl

6754e+0

OO0 OOrROOO0ODOOOO0OOOCOOOO

.7610e-03
.6523e-04

0

.7551e+00
.6300e+00
.0255e+00
.5161le-01
.8343e-01
.9979%e-01
.7815e-01
.0484e+00
.2011e+00
.7942e+00
.4329e+00
.5660e+00
.0954e-01
.0350e-01
.2536e+00
.1465e+00
.0539e-01

-1.9926e+00
2.1889%e+00
~1.2597e+00
6.7578e+00
1.1101e+00
3.3787e-01
-2.0390e+00
-2.6164e+00

OO o0

-3.0576e+0

OO0 O0OO0OO0ORROOOO0ODOOODOOODOOCOOOOO



-4398e+0

OOOOHOOOOOOOOOOOOOOOOOOOOOO

.6026e+01
.3315e+00

0
.0650e+04
.8081e+04
.0398e+04
.8055e+03
.4808e+03
.0922e+03
.3647e+04
.4703e+04
.0598e+04
.119%4e+04
.6751e+03
.0077e+03
.3873e+04
.9656e+03
.3237e+03
.6443e+02
.4933e+02

e eoloNoNoNeNe

U s 1o

[

30

.8220e+0

OOOHOOOOOOOOOOOOOODOOOOOOOO

.0918e+00
.9467e-01

0

.0486e+03

5.7651e+03

Wk 00N WWN W

.5387e+03
.8235e+03
.3580e+03
.1747e+02
.5361e+03
.3553e+03
.2944e+03
.3249%e+04
.4724e+03
.0363e+02
.3918e+03
.1272e+03
.0987e+03
.9216e+03
.5121e+03

leNoRoNelNeNeNe

i
SN

.5863e+0

OO!—‘OOOOOOOOOOOOOOOOOOOOOOOO

.3026e-02
.1421e-04

0

.7301e+00
.7248e+01
.0818e+02
.9952e+01
.4072e+01
.7074e+00
.2694e+01
.3030e+01
.0411e+01
.3621e+02
.1910e+00
.9992e+01
.9853e+00
.9222e+01
.3042e+01
.289%e+01
.4251e+01

[eNeReNoNoReNe]
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-6.4973e+0

0
0
0
0
0
0
0
0
0
0
Y
0
0
0
it
0
0
0
0
0
0
0
0
0
0
1
0

-9.9371e+0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1



C

OO OO0 OO0 OoOo0o

1.1311e+02
-3.1944e+02
-1.3116e+03
8.5331e+03
-1.0315e+04
1.7100e+04
-1.0202e+04
9.227%e+03
3.6187e+04
2.6440e+05

[eNoNeoNoNoNosNoNoRuleNeNoolNoBololololoe o)

0 1.0000e+00
0 0
-1.064Be+06 -5.5244e+04

0
0
1.0648e+06

Columns 1 through 6

.0000e+00
.0000e+00
.0000e+00
.0000e+00
.0000e+00

coooo
N

Columns 7 through 12

4.0723e-05 2.2454e-04
2.4650e-05 1.2755e-04
-1.1770e-05 -2.9085e-05
5.017%e-06 1.1984e-05
2.8864e-04 -1.3179%e-04

Columns 13 through 18

3.3140e-04
4.1354e-05

4.8043e-04
4.6476e-05

1.
-3.

[eNoNoNoNeNeNeRoNeNeNeReRelolo ool o ReRe)

0
0000e+00
3310e+02

OO OO

.0235e-04
.699%e-05
.1251e-05
.6985e-06
.2818e-04

.8334e-04
.7167e-05
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-2

-2

.3102e-04
-1.
.5175e-05
.9851e-05
-6.

9643e-04

6751e-04

.7981le-04
-8.
.1128e-05
.6127e-05
.4077e-04

5524e-05

.5906e-04
.0641e-05

-6
-2

-1.
.0219e-05
.4897e-04

-4
-2

.721%e-05
.2614e-05
.6413e-~-05
.2375e-05
.7121e-03

.0123e-04
.0717e-04

0967e-04

.4649%e-04
.1515e-05

-1
-1

-3

-1.

-2

-3

.9976e-04
.2363e-04
.3330e-05
.0868e-05

5745e~03

.2699%e-04
-6.
.0318e-05
.4572e-05
.6004e-03

6005e-05

.9317e-05
.4589%e-06



'~5.958%e-05 2.8917e-05 -7.8092e-05 -1.4839e-05 3.9293e-05 7.4950e-07
~-2.8744e-05 1.3363e-05 7.8693e-05 -2.1823e-04 2.4606e-05 1.9208e-04
5.0436e-03 5.0751e-03 -6.0008e-04 -6.8638e-03 4.1590e-03 2.7566e-03

Columns 19 through 24

1.2711e-05 -3.2786e-04 0 0 0 0
-3.2377e-06 9.1743e-05 0 0 0 0
4.2067e-06 2.5320e-05 0 0 0 0
-1.474%e-05 -2.2995e-05 0 0 0 0
-1.3088e-03 7.596%e-03 0 0 0 0
Columns 25 through 30
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
Columns 31 through 36
0 0 0 0 0 0
0 0 0 0 0 0
0 o} 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
Columns 37 through 42
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
Columns 43 through 47
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

146



Appendix D
Langley M = 0.24 / h = 0 ft Model

This Appendix describes the Langley M = 0.24, h = 0 ft model. All variables are
expressed with feet, second, and radian units except structural axes coordinates and mode

shape/slope deflections which utilize inch. Airframe states, inputs, and outputs are listed below.

T
X= queﬁl ...T']17T]1 - M7 24 '"ZIO]

- T
u=|8g d7g; O1E2 OTE3 8TE4]

y= :...qxs...]T

Measured pitch rates are calculated from

17
dxs=9q-— igl ¢i(xs)ni

bi(x) = XS
NS dXS
¢i(xs) = C¢iis

where Cy; is the ith row of Cy and
xo=[x10x - x 11T
C, represents a polynomial curve fit to the mode shapes which allows pitch rates to be computed at

any point along the fuselage centerline. The state space C matrix can be easily constructed from the

above description. Actuator model data corresponding to Eq. (1.5) is tabulated below.

Actuator Data p ) ¢

OF 22. 220. - 0.7071
ES 20. 200. 0.7071
= 21. 210. 0.7071
B 23. 230. 0.7071
STE4 24. 240. 0.7071

State space matrices defined in Egs. (1.1)-.(1.7) and C¢ are listed below.
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Columns 1 through 6

5.9489e-04
~1.4249e-01
-1.5018e-04

OOOOOOOOOOOOO‘OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

2.1308e-02
-1.0721e+00
-1.859%e-02
0
-4.4139%e+01
-7.1775e+01
-1.4749%e+02
-4.9584e+01
2.5259%e+01

-2.0751e+01

-3.5676e+01

5.4516e+00 .

-4.1838e+01

2.5353e+02
-1.1372e+02
2.5037e+02
1.0228e+01
7.9047e+00
1.4316e+01
9.646le+01
1.7867e+01

[=ReolalsNaNoNoNoNoNoNeNoNoNoNeRoRe)

5.0274e-01

8.6196e-01
-6.1473e+01

2.8760e+02
-1.8644e+02
-3.5938e+02
-1.2347e+02
-7.9281e+02
-2.6492e+02
-2.6749%e+03

Columns 7 through 12

0
-1.0818e-03
~-7.2402e-06

0
-4.8790e-04
-3.9869%e-06

B U1

.1438e+01
.4930e+02
.1355e-02
.0000e+00
.2403e+03
.3776e+03
.5858e+02
.6759%9e+01
.234%e+03
.1567e+03
.3653e+03
.5686e+03
.6544e+03
.8818e+03
.1944e+03
.8620e+03
.4531e+03
.9758e+03
.1789e+02
.8370e+03
.8637e+03

leejeeNeNoNeoNoNoNoNoNeNolNeoNeNoNel

.4015e+00
.2999%e+02
.0734e+02
.7594e+03
.0003e+03
.7843e+03
.3769e+03
.6798e+04
.1313e+04
.3293e+02

0

.0216e-04
.9077e-06
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-3.1782e+01

0
2.4977e-04
7.0115e-07

oooooooooooooooooooooooooooooooooooooo:ooooooooo

W W W UTUT N s o o g

3
-2

0

.3729%e-04
.561%e-06

0

.689%4e-01
.3115e-01
.4209e-02
.0959%e-03
.2638e~-01
.1638e-01
.8139%e-01
.7514e-02
.9658e-02
.3516e-02
.0425e-01
.6741e-02
.6974e-01
.8364e-02
.4431e-03
.3366e-01
.2241e-01
.0000e+00

[eNeBoBoleNeNeNeNeNoNoNolNeNo Kol o)

.0870e-02
.6020e-01
.0947e-01
.965%e-01
.2756e-01
.4455e-01
.1268e-01"
.6005e+00
.9221e+00
.8022e+00

0

.5022e-04
.51¢6%e-06

-2
-1

8
-1

1
-7

5
-3

-5.
.4033e-01
2.
.1288e-01
.5869e-01

-1

-3
1

1.

-3

-1
-1

o

0

.2968e-03
.4275e-05

0

.7569e-01
.2258e+00
-1.
-3.

3.
-2.

1.

0684e+00
6329e-01
8536e-01
8163e-01
0144e-01

.9807e-01
.1520e-01
3.
.4338e-01
.7957e-01

3174e-01

5910e-01

6953e-01

0
0000e+00

[=ReleooNeoNeNolNaNoNaoloNeNoNeNe

.9733e-02
.7630e-01
.0905e-01
-3.
.2203e+00
.2685e-01
.2126e-01
-1.
.8925e+00
.2209e-01

6739e-01

1180e+00

0

.7135e-02
.8738e-04



-1

1
-2
-1

0

.436%e-01
.2725e+00
.7458e+00
.9877e-01
.621%e-01
.9684e-01
.2007e-02
.1196e-01
.7705e~02
.9468e-01
.2734e-01
.2718e-01
.3084e-01
.7915e-01
.5424e-01
.1182e-01
.5654e-01

0
0

.0000e+00

O OO OO0OO0OCOOOCOCOCOO

.4576e-02
.2193e-01
.1263e-01
.09%2e+00
.7413e-01
.6493e-01
.8519e-01
.1693e+00
.8950e+00
.7876e-01

-3
3

-8.
.2370e-01

-2

0

.0074e-02
.8926e-01
.3294e-01
.3565e-01
.0827e-01
.0793e-01
.4927e-02
.0650e-01
.6892e-03
.7801e-01
.8566e-02
.5731e-02
.4351e-02
.004%e-01
.0800e-02
.486le-01
.4892e-01

0
0
0

.0000e+00

[oNeoNeNoNoNeNoRoeRoNeRNolNo Ro)

:3055e-02
.6784e-01
.3671e-01
.9282e-01
.5754e-01
.1482e-01
.0157e-02
.3250e-01

6880e-01

Columns 13 through 18

0

.0980e-02
.5177e-04

0

.3223e-01
.6999%e+00
.4418e+00
.1226e-01
.7178e-01
.1534e-01

-2.
1.

-3.
-7.
-1.
-5.
.5415e-01
.5259%e-02

4
2

0
6660e-05
3490e-05

0
6306e-01
8445e-01
5355e+00
646%e-01

-1

-6.
-2.
.5298e-01
.8410e-01

0

.477%e-01
.5995e-01
.6936e-01
.0094e-01
.1123e-01
.989%4e~-01
.0054e-02
.5209%e-02
.2788e-02
.8103e-02 .
.0672e-02
.0112e-02
.0142e-01
.0614e-02
.7289%e-02
.9184e-01
.3837e-01

0
0
0
0

.0000e+00

o

oNeNeNoNoNeNoReNeNo Nl

.6117e-03
.636%e-02
.1207e-02
.8935e-01
.5947e-01
.2968e-01
.1860e-03
.6711e-01
.6836e~01
.6449%e-03

0

.8693e-03
-4.

0504e-05
0

.1029%e-01
.191%e+00

9388e-01
6615e-01
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-6

-6

-5.
.2607e-06

-7

-5

.0000e+0

0

.7682e-01
.4925e-02
.0847e-01
.1752e-02
.3426e-02
.7091e-01
.3323e-01
.0050e-01
.3971e-02
.7437e-01
.4425e-02
.6334e-01
.0275e~01
.1077e-02
.4471e-01
.0360e-01
.3279%e-01

eNeoNolloNeoNeoNoNeNeNolNoNoNollollo ool

.6993e-02
-1.
.2795e-01
.9763e+00
-1.
-1.
.5422e-02
-4.
.6101e+00
.6874e-01

6794e-01
1183e+00
5844e+00

3147e+00

0
1695e-05

0

.2835e-01
.0684e-01
-3.
-1.
.2562e-02
.0466e-01

5625e-01
2486e-01

-1

-1

.0000e+0

0

.4413e-01
.0226e-01
.4261e-01
.4390e-02
.4368e-01
.9538e-01
.9947e-01
.5328e-03
.3355e-01
.0155e-01
.0138e-01
.2466e-01
.2892e-01
.0376e-01
.2611e-02
.4312e-01
.4090e-02

s NeNoNoeNoNoNeNeoNeRoNoNoNo o No e R

.3040e-02
.1601e-01
-1.
.6149e+00
-2.

0173e+00

9486e-01

.4616e+00
.2063e-01
.7979%9e+00
-9.
-1.

6289%e-01
0274e+00

0

.3192e-03
.4290e-06

0

.8122e-01
.1235e+00
.3811e-01
.3145e-01
.1895e-01
.2213e-01

-5.
.0131e+00
-1.
.6115e+00
.9624e+00
.0493e+00
-2.
.7710e+00
-2.
.9590e+01

.0000e+0

0

.1772e+00
.014%e+00
.0916e+00
.7886e-01
.189%e-01
.6697e-01
.0828e-02
.8663e+00
.0712e+00
.3917e+00
.0199%e-02
.3121e+00
.3986e+00
.1455e+00
.3735e-02
.5847e-02
.3065e-01

[eNeNeNeNoNoNoReRoNoNeoRlo o RolNoNo No

1215e-02

0026e+00

1455e+00

0033e+00

0

.5828e-04
.6733e-06

0

.8109e-01
.1597e-01
.5220e-01
.4323e-01
.0991e-01
.7882e-02



-3.9969%e-01
-1.6163e+00
-1.4728e-01
-8.2260e-01
-2.4%905e-02
-1.0902e+00
6.5677e-01
-6.0126e-01
-2.2163e-01
-5.1705e-01
" 5.1631e-01
0

1.0000e+0

.3539%e-02
.0797e-02
.0921e+00
.9573e+00
.9899%e+00
.6866e-01
.9129%e+00
.5650e+00
.8062e+00
.5113e+01

NN P Wk

OO OO0 O0OQOOOCOOODOOO

3.174%e-01
-1.8155e+00
-6.5258e-02
-1.58287e+00
-8.2627e-02
-1.7191e-01
3.3534e-01
3.3416e-02
7.3268e-02
9.5091e-01
-4.0300e-01

1.0000e+0

(s e joReNoleNeNeNoNeNolloNeNoleNelNo

-4.2040e-02
-1.3013e-01
5.9243e-01
1.2436e+00
-2.5719e+00
-1.4613e+00
8.1748e-01
~-1.7105e+00
4.7038e-01
4.2794e+00

Columns 19 through 24

0
1.6854e-03
1.6407e-05

0

-1.6816e-01
2.6992e-01
-2.2077e-02
-2.253%e-02
6.0137e-02
-2.7545e-02
2.1376e-01
4.9556e-02
5.7455e-01
-1.1474e+00
-5.8814e-01
1.2575e-02

1.7284e-01.

0
1.1107e-02
1.5402e-04

0
9.4386e-01
4.1973e+00
3.8146e+00
1.3629e+00
1.2271e+00
7.6339e-01
9.5585e-02
4.7510e-02
1.0359e+00
-1.9837e+00
-1.1017e+00
-2.4971e-01

6.3673e-02

2.
1.
7.
-1

-1
3
9.
1

-6

3
-1

-3
-3.

2.
-1.
-1.
-5.

5.
-4

1.
-1.
-1

6

9.
-8
-2.

.0000e+0

0526e-01
8037e+00
0487e-01

.6795e-02
.4225e+00
.9275e-01

6512e-02

.4962e-01
.3764e-02
.9262e-01
.2683e-01

(eNeoNoleNeReNeNoNoNeNololNoNeReNeol

.8771e-02
.1032e-02
.7703e~-01
.3153e-02
.6741e-01
.7574e-01
.3412e-02
.7710e+00
.1856e-01
.1330e+00

0

.1535e-03

8463e-05

0
1272e-01
4870e+00
4879%e+00
4209e-01
5330e-01

.1336e-01

0405e-01
8154e-01

.0300e-01
.7507e-02

7463e-02

.7250e-02

5538e-02
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-4.
~-2.
-3.
-2.

5.
-1.
-3.
.7803e-02

1.

2.
-1.

6

-5.
.1924e-01
-2.
.3299%e-01
-5.
-1.
.7964e-02
.4774e-01
-9
.1585e+00

-3
-7

-1.
.9892e-06

-7

-5.
.8081le-01
-1.
.2259%e-01
.1980e-01
.6000e-01
.3335e-01
.0084e+00
.6864e-01
.2646e+00
-1173e+00
.6285e-01
.696%e-01

-4

i 1 1t
BN N0 oW

.0000e+0

9406e-03
0466e+00
6569e-01
6678e-01

0925e-01

7452e+00
7960e-01

8832e-01
1726e-01
0556e-01

=R ejsNoNoNoNoNeNoNeRoNoNeNellolol o

0614e-02
4342e-01
4233e-01
1025e-01

3840e-01

0
0345e-02

0
8408e+01

3953e+00

-1
-1
-1
-4

-5

-3

-9
1

.1395e-01
.3311e+00
.2941e-01
.4803e-01
8.
.2304e-01
-1.

3.
.7657e-01
.3835%e-01
.2593e-01

7760e-02

4874e+00
6094e-01

[oBeoNoNoNoNoNoeNoNoNoNeNe

.0000e+00

0
0
0
0

.0846e-02
.914%e-01
.8003e-01
.2582e+00
.0328e-01
.6022e-01
.5500e-02
.7037e+00
.9088e+00
.6753e+00

0

.2086e-02
.6196e-05

0

.4562e+00
.6088e+02
.0903e+00
.2291e+00
.1284e+00
.9455e+00
.1376e+00
.8506e+00
.4735e+00
.6152e+00
.7086e+00
.7125e+00
.3345e+00

-1
5
-2

-2

2

-6.
.2968e-06

-1

-2

-7

-3

.7271e-01
.4156e-01
.4688e-01
8.
3.
4.
5.
-1.
3.
.0848e-02
.1452e-01

0974e-01
6897e-01
1281e-01
6834e-02
6248e+00
3380e-01

=NoNoNeNoeRoNeNoNoloNoNeolNel

.0000e+00

0
0
0

.2448e-02
.1094e-02
.2032e-01
.8783e+00
.0160e-02
.1310e+00
.1469%e-01
.9915e-02
.1388e-01
.3698e+00

0
9142e-03

0

.1584e+00
.3423e+00
.8777e+02
-2.
.2784e+00
.2962e+00
-2.
.8335e+00
-1.
.3502e+00
.2967e+00
.5258e+00
.1695e+00

0160e-01

9584e+00

4340e+00



-2

-3

.5235e-01
.0148e+00
.0120e-01
.5151e-03

QO QOO0 OO OoOOCOOO

.0000e+00

0
0

.9768e-02
.7947e-01
.4807e-01
.2436e+00
.3966e+00
.8869e-03"
.5214e-01
.1616e-01
.0261e+00
.8606e+00

[

BN oo NN

.2668e-01
.3126e+00
.1744e+00
.0427e+00

0

OC OO0 O 0OO0OO0C OO OOOO

.0000e+00

0

.2190e-01
.0697e+00
.7616e+00
.0950e+00
.0582e+00
.5204e+00
.8884e+00
.8504e+00
.9203e-01
.2522e+01

Columns 25 through 30

-4.

-8

1
-2
=7
-2

9
-2
-1

-1
3
1
8

-9

0
4162e-03

.7077e-06

0

.1485e+00
.3444e+00
.2617e-01
.995%e+02
.8103e-01
.8848e+00
.1493e+00
6.

2705e-01

.033%e+00
.3269%9e+00
.2190e+00
.8401e-01
-1.

6101e+00

.8570e-01
-1.
-6.

3.

7530e-02
8611e+00
1969e+00
0
0
0

0

.5325e-04
.1970e-05

0

.2600e-01
.6399%e-01
.3380e+00
.2144e-01
.8456e+02
.7859e-01
.6765e-01
.3489e-01
.0047e+00
.1020e+00
.3064e+00
.4110e-02
.3951e+00
.1636e+00
.3512e-01
.5555e+00
.2054e+00

0
0
0

IS

.7253e-02
.5115e-01
.5028e+00
.7874e+00

0

[eNeNeNeoNeoNoNoRoReloNeReNeoReN o

.0000e+00
.5640e-02
.898le-01
.1847e+00
.9058e-01
.812%e+00
.6530e+00
.3550e+00
.5551e+00
.2996e+00
.7545e+00

0

.1884e-02
.5021e-05

0

.5110e+00
.1893e+00
.0358e+00
.7418e-01
.6745e+00
.3185e+02
.2164e+00 _
.6740e-01
.6592e+00
.5158e+00
.5125e+00
.4541e-01
.3621e+00
.3116e+00
.5172e-03
.1793e+00
.0643e+00

0
0
0
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~-1.
2.
-1.
5.

3338e+00
9416e-01
4039e+00
3484e-01

0

[eNoNoNeoNoNoNo oo NoNoNoNolle NeloReNoNeoReReoNoleRe o Ne

0

.0162e-02
.0777e-05

0

.0457e+01
.9786e+00
.4126e+00
.8786e-01
.2108e+00
.8191e+00
.8937e+02
.7782e+00
.3442e+00
.3413e+00
.6206e+00
.0533e+00
.0647e+00
.4368e+00
.0048e+00
.4380e+00
.5069%e+00

0
0
0

-2.
2.
-1.
6.

2801e+00
5796e-02
6682e+01
0088e+00

e ReNeoNoNoNeoNeNolleNeNeNoNoRe o NololNolNoNe e Nole oo No e

0

.8986e-01
.8743e-03

0

.1202e+00
.2200e+01
.7567e+01
.2895e+01
.2481e+00
.4985e+00
.2756e-01
.6402e+02
.5594e+01
.1263e+01
.2892e+01
.2451e+01
.8097e+01
.0167e+01
.4338e+00
.1418e+00
.7236e+00

0
0
0

-2.
-3.
-1.

7.

2451e+00
0148e-01
6534e+01
9210e+00

0

OO OO OO0 OO0 OC OO OOCOOO00OooO

0

.7500e-01
.2401e-03

0

.4121e+00
.5652e+01
.4225e+01
.1443e+01
.3645e+00
.5667e+00
.2068e+00
.1643e+00
.2490e+03
.6523e+01
.309%e+01
.1999%e+01
.9138e+01
.5017e+01
.7646e+00
.3474e+01
.2067e+00

0
0
0
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Columns 31 through 36

0

.181%e-02
.5166e-03

0

.8217e+00
.7606e+01
.4278e+01
.0846e+01
.0569e+00
.2134e+01
.2486e+01
.1261e+00
.835%e+01
.8017e+03
.7882e+00
.1611e+01
.6826e+00
.1978e+01
.8447e+01
.4462e+01
.9018e+01

QO OO O OO0 O

-3
2

2
-4
-1

-5.
7.
-1.

-1
1
-3

1.

-2

-2.

-3

-7.
2.
3.
9.

0
.5480e-02
.0467e-05

0
.6401e+01
.8016e+01
.7306e+01
7679e+00
8689e+00
2395e+01
.9352e+00
.0349%9e+01
.723%e+01
6306e+01
.1740e+03
2136e+01
.7132e+01
8441e+00
3307e+01
4718e+00
8254e+00

[eNeNeReReNoNoNoNoNe

[cReReRoeNele o ReoNoNeNoNoNoNoNeRoNoNoNeNoNol el o N

0

.5990e-02
.4138e-03

0

.5931e+01
.1352e+00
.5832e+00
.3087e+00
.3051e+00
.6644e+00
.144%9e+00
.714%e+01
.6005e+00
.1335e+01
.7363e+01
.8823e+03
.5255e+01
.5334e+01
.7673e+00
.0462e+01
.1256e+00

OO OO0 OOOQO
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0

.2163e-02
.4452e-04

0

.9311e+01
.3878e+01
.7299e+01
.1388e+00
.0542e+00
.5209e+01
.19%4e+00
.7192e+01
.7277e+01
.2950e+01
.6361e+01
.0198e+01
.1283e+03
.8878e+01
.1464e+00
.9872e+01
.2376e+00

OO 0O OCOOO OO0

[=«BoBoNoNeNoRoNoNoNoRoNeoNoNoNeoRe o Rwl ol ol e oo

0

.0315e-02
.2836e-03

0

.7821e+00
.2822e+01
.5942e+01
.8023e+00
.2470e+00
.9734e+00
.3956e+00
.3046e+00
.6311e+00
.1212e+01
.6121e+01
.3020e+01
.760%e+01
.6425e+03
.2074e+01
.2117e+01
.0638e+01

eleNeRoRBeReRoNoNoNol

-1.
.1345e-04

3
4

-3
-2

-3

-1.
.2634e+00
4.
3.
~-1.
6.
-3.
-3.
.2912e+01

-8

8

-4.

[elele oo loNoNoNaeNolsNoNoNoNoNoNoNalNeNeoNoNo ol

0
6696e-02

0

.7607e+00
.5920e+01
.0402e+01
-7.

5.
-1.
.7480e+00

3302e+00
8680e+00
9726e+00

2584e+00

1826e+01
3354e+01
1255e+01
2453e+00
6194e+01
8428e+03

6730e+00

COQOQOOQOOO0CcCOoOO0Oo
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Columns 37 through 42

0
3.9415e-01
7.7253e-03

0

-1.4879e+01
2.7923e+01
7.4329%9e+01
2.4159%9e+01

-1.9272e+01
2.8704e+01

-5.3820e+00

-1.6863e+00
4.6466e+01

-3.5821e+01

-3.8609e+00

-4.6940e+01
7.3640e+01

-2.7349e+01
7.2380e+01

-3.8178e+03

-7.8848e+01

[eNoNoNoNoNoNeNaNeNeNoloioNololleNo]

-3.
-5.

1.
-2
-2
-9.

1.
-1.
-1.

1.
-6.

1.

2.

9.
-6.
-2.
-2
-7.
-4.

0
1250e-02
5355e-04

0
4274e+01

.7996e+01
.9523e+01

9847e+00
1216e+01
7473e+01
8524e+00
1413e+00
0134e+00
8871e+01
6517e+01
0763e+00
6907e+00
6146e+01

.2029e+00

8378e+01
2202e+03

s NeoNeNeloNeNoloNoNeNoNeoNeRelleNolo]
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0

.0562e-02
.8273e-05

0

.7659e+00
.9115e+00
.5738e+00
.1582e+00
.5378e+00
.514%e+00
.9291e+00
.5375e-01
.9946e+00
.7307e+00
.4154e+00
.6622e-01
.6348e+00
.3361e+00
.3622e-01
.2022e+00
.7467e+00

s NeNoloNoNoNoleNolNeNoNoNololeolo

153

O i

|
L el STt BN SC I C RN e,

[oNoNolNoNoNeNe oo oo iR o il oo lo o]

0

.8222e-03
.43965e-06

0

.936%e-01
.6823e-01
.340%e-01
.3382e-01
.9736e-01
.0550e-01
.1944e-01
.6810e-01
.4964e-01
.0461e+00
.5825e-01
.7965e-01
.2032e-01
.8428e-01
.4722e-02
.0501e+00
.6801e-01

[eNoNolsNeNeoloNoRoNolNeNelo o Neolo o]
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eNeoNeNeoNoNeoRoeRoNeRolloBoRoRoloRoNe)

0

.6083e-02
.1030e-05

0

.2084e+00
.6769e+00
.4500e+00
.1415e+00
.4871e+00
.1679e+00
.5066e+00
.6752e-01
.3934e+00
.1723e+00
.7044e+00
.1444e-01
.9923e+00
.1134e-01
.8939%e-01
.1680e+00
.3795e+00

]
el o]

'
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[eNoNoNoNeNoNeReolNelollelolRelReRo o io)

0

.3086e-03
.0831le-06

0

.0263e+00
.4577e+00
.7810e+00
.1367e-01
.1140e+00
.764%e+00
.8431e-01
.1831e-~02
.9587e+00
.5150e+00
.1763e+00
.6377e-01
.848%3e+00
.2798e-01
.4212e-01
.7717e+00
.7435e+00

leNeNeNoNoRoNoNoNoNoNeNaeNolo e ol
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0
0
0
0
0
0
0
0
0
0

Columns 43 through 48

0
1.1200e-03
1.8267e-04

’ 0
6.1435e-01
-1.6888e+00
~3.7467e-01
-1.2510e-01
8.3281e-01
-2.4821e+00
-9.2786e-01
-4.5097e-01
-4.2818e-01
1.4487e+00
3.7387e-01
-7.3597e-01
-7.0397e-01
-9.2785e-01

1.6878e-01_

-2.8909%e+00
1.5586e+00
0

0
C
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
-8.9782e+00
0

WOAaNJWNWRHRWENDNOAND OB

0
.7831e-03
.6077e-04

0
.8146e+00
.9104e+00
.7934e-02
.5173e-02
.0644e+00
.6097e+00
.0037e+00
.4784e-01
.0087e+00
.2655e+00
.5960e+00
.5314e+00
.8158e+00
.3645e-01
.8363e-01
.0539%e+00
.2025e+00

0

i
[SS N )

0
0
0
0
0
0]
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
-1.0100e+01
0

-6.7336e-01

0
0
0
0
0
0
0
0
0

0
5.0904e-04
8.1015e-05

0

-1.6549e+00
-1.5351e+00
-2.6455e-01
-9.2806e-02
5.5602e-01
-1.7202e+00
-1.2708e+00
3.9444e-04
-4.6460e-01
3.3452e+00
-3.0577e+00
3.1765e+00
6.2640e-01
1.4110e-01
4 .5730e-01
4.8953e-01
3.839%4e-02

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
e
1

-1.1223e+0
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-1.

0
3467e+00

leNeoRoNoNeNoNoNo]

0

.3465e-03
.4817e-05

0

.9037e-01
.0870e+00
.1193e-01
.8242e-01
.5977e-02
.5545e-01
.0678e-02
.9611e-01
.4844e-01
.7198e-01
.3900e-01
.3651e-02
.1016e-01
.1424e-01
.4596e-02
.946%e-01
.4643e-01

[eReBeNoNoReNeloNoNoRoNoloNoNeRaeNoNoReRoRe oo Re)

-4

0
0

.4891e+00

[eNeNoNelNeNoNe

0

.0151e-03
.3773e-05

0

.9864e-01
.4987e+00
.3330e-01
.4408e-01
.2132e-01
.0624e+00
.9967e-01
.6234e-01
.0591e+00
.4075e-01
.0266e-01
.8685e-01
.9537e-01
.8393e-01
.2093e-04
.4472e+00
.679%96e-01

[SReReRoNeRoNeNeNoNoRNoNoNeNoNoRoRoNoRoRoRoRoRoRe )

=7.

-8

-1.

-1
-6

-9.
.2673e-01
5.
.7392e-01
.2727e-03
.9888e-02
.2473e-01

9.
-2.

-3
1
4
6

-7
1

4

8559e+0

(e eBoeleNeoRoNoNolNoNal

0

.2236e-03

8647e-04
0

.2346e-01
.0223e-01

5197e-01

4102e~02

4682e-01
6610e-01

.2162e+00
-3.
.1845e-01

5.
-9.
-1.

833%e-01

3745e-02
9552e-02
6995e-01

SReR-N-joleNoNeNoNoNoNeoNoReNoNoNoNoNeReRoRoRa =)
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Columns 1 through 6

-4.

-2
-7

-4.

2.
-2.
-6.

-3

1.
-1.
-1.
-1.

-3
-1
1
1
-5
1
-9
-7

2796e-01
.1582e+00
.0595e-02

0
0604e+03
5850e+03
0286e+03
8974e+02
.4643e+02
8715e+03
9086e+02
0736e+04
8711le+03
.1457e+02
.0017e+03
.8563e+03
.7076e+03
.9616e+02
.5631e-01
.1487e+01
.2696e+01

s NeoReoReolNoNeNeNeNoloNoRoNeNoNelNolNo e oo oo Rl oo oo

2.
-1.

-1

-1

6
-5
-4
-9
-9

-8
-4
3
1

-4

-1
-1

-2
-1
-1

0
1105e-02
2823e-03

0

.3613e+02.

8.
-5.
-1.

5826e+01
5991e+01
9360e+01

.3904e+01
.6480e+01
.8778e+00
.3033e+02
.2314e+01
.7201e+01
5.

3107e+01

.6922e+01
.099%e+01
.4254e+01
.4049e+00

9.
-2.

4009%e+00
6935e+01

COQ0O0O0OO0OO0OO0O0OO0OOO0OO00O0COO0OO0

.9040e+00
.8501e+01
.7036e+01
.4873e+01
.4355e+02
.2306e+02
.6433e+01
.3578e+02
.6747e+02
.8617e+02

a o

0

.299%1e-03
.2137e-05

0

.2154e+00
.9500e-01
.3193e-01
.083%e-01
.300%9e-02
.7954e-01
.7657e-02.
.9172e+00
.7493e-01
.5704e-01
.2362e-01
.0814e-01
.5612e-02
.1683e-01
.551%e-02
.9353e-01
.7156e-01

[eNeoNoNeoRoNoNeNeNoeNoNoNoNolNeNeNoNololNoRolloo ol o ol ool
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-1.

3467e+01
0
0

.8499%e-01
.2392e+00
.9046e-02

0

.2386e+03
.1406e+03
.7170e+02
.7788e+02
.9169%9e+02
.8882e+03
.9015e+02
.5020e+02
.2351e+03
.2966e+03
.0641e+03
.3780e+03
.6814e+03
.7960e+02
.5133e+02
.8359e+02
.7078e+01

e NeNoNoNoNeoNoNeNoRoNoloNeoNoNoReReleNoNeo o No oo Ro oo

0

-1.907%e+01

o
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W NN N MWW W

[

(o2}

0

0

.2180e-02
.1132e-02

0

.3225e+02
.2703e+02
.7893e+01
.1669e+01
.5562e+01
.9397e+01
.5101e+01
.6446e+01
.2986e+02
.5998e+02
.7938e+01
.502%e+02
.5638e+01
.2839%e+01
.5919%e-01
.9505e+01
.6315e+01

CO0CQCO0OO0OO0OO0OOOOO0OOOO0CO0O

.9549%e-01
.6690e+02
.7286e+02
.5309e+03
.2491e+02
.6019e+03
.7383e+02
.2656e+03
.9876e+03
.2261e+03

0
0

.9179%e+01

0

.6334e-03
.0913e-04

0

.2552e+00
.7353e+00
.8020e+00
.0396e-01
.4263e+00
.6312e+00
.4882e+00
.7240e+00
.4544e+00
.108%e+00
.7692e+00
.9263e+00
.9720e+00
.5710e+00
.8916e-01
.5553e+00
.3912e-01

[sNeNoNoNoNoNeNoNe Ro i No R R io i B o R oo B e R o B o B o BN o B o B o B o]



Columns 7 through 12

5.2052e-01
-8.5714e+00
-2.5598e-02
)
1.5597e+03
-1.5629e+03
7.9804e+01
4.1765e+01
3.739%91e+02
-1.058%9e+03
-5.1334e+02
-1.7167e+02

-1.5751e+03 .

1.3166e+03
9.692%e+02
1.0218e+02
-1.3376e+03
-1.1666e+01
1.3600e+02
-8.8664e+02
1.0540e+02

(=leRooleNo oo NeNoNoNolsNoNeRoNeNeNoNoNoNoNoloNoRe o)

0
-4.3036e-01
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-2..9598e+00 |

4.2586e-01
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3
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.0614e+01
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-8.8670e-01
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0 0 0 0 0 0
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0 0 0
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.980367703556376e~32
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-3.
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442445729553661e-32
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Columns 4 through 6
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2
7
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.792332607737115e-22
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~-1.
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6.
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-3

-1

3

074096485108769%e-12
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.461301646864357e-12
1.
.475816868166181le-11
-3.

4.
.419935917375025e-11

025130809298564e-12

109464516642467e-11
942957553758776e-12
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.662650064675893e-29
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.484015282068149e-29
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.694840607437875e-28
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.634846316474403e-28
.219901485478656e-28
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.389645729819991e-18
.160457534098140e-17
.361808463646208e-18
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.716677823450091e-18
.942404887048516e-17
.665896995464928e-18
.663867482220715e-17
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.891416820055840e-17
.462317928831169%9e-17
.463229717567974e~17
.339707595203532e-17
.198341401243104e-18
.795658494488476e-18
.9418084044203812e-17

.281839209447257e-10
.243158844997728e-08
.338692551835055e-09
.345978854832657e-0%9
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.026559808758404e-08
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.398117502534028e~-08
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.294357513382509e-26
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